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Abstract—Channel backscattering coefficients in the
layer (near the source) of 1.65-nm-thick gate oxide, 68-nm gate
length bulk n-channel MOSFETs are systematically separated
into two distinct components: the quasithermal-equilibrium
mean-free-path for backscattering and the width of the layer.
Evidence to confirm the validity of the separation procedure is
further produced: 1) the near-source channel conduction-band
profile; 2) the existing value of layer width from the sophisti-
cated device simulation; and 3) an analytic temperature-dependent
drain current model for the channel backscattering coefficients.
The findings are also consistent with each other and therefore
corroborate channel backscattering as the origin of the coeffi-
cients. Other interpretations and clarifications are determined
with respect to the very recently released Monte Carlo particle
simulation. Consequently, it can be reasonably claimed that the
separated components, as well as their dependencies on temper-
ature and bias, are adequate while being used to describe the
operation of the devices undertaken within the framework of the
channel backscattering theory.

Index Terms—MOSFETs, nanoscale, scattering.

I. INTRODUCTION

CHANNEL backscattering theory has recently been intro-
duced to provide the mesoscopic aspects of carrier trans-

port in nanoscale MOSFETs [1]–[6]. In the schematic illus-
tration of the theory for the saturation case shown in Fig. 1,
a layer, where ( ) is Boltz-
mann’s constant and is the temperature, exists in a small frac-
tion ( ) of the channel [2]–[6]. This specific zone
located near the source critically determines the current drive at
the drain

(1)

where is the inversion-layer charge density per unit area at
the top of the source-channel junction barrier, is the thermal
injection velocity at the top of the source-channel junction bar-
rier, and is the channel backscattering coefficient through the

layer. The theory also argues that the backscattering coef-
ficient is functionally linked to both the quasithermal-equi-
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Fig. 1. Schematic diagram of channel backscattering theory. F is the incident
flux from the source, l is the critical length over which a k T=q drop is
developed, and r is the channel backscattering coefficient. The channel length
L is the physical gate length minus the source/drain extensions.

librium mean-free-path for backscattering and the width of
the layer: .

Experimentally, can be assessed by current–voltage (I–V)
fitting [3], [7], [8] or a temperature dependent technique [9].
To describe the operation of the device within the framework
of the channel backscattering theory, and must be further
decoupled from the experimental ; however, little work was
done in this direction.

On the other hand, very recently released Monte Carlo par-
ticle simulation [10] for the first time exhibited a relevant mech-
anism in a 10-nm gate length double-gate MOSFET case: the
backscattering by the drain. The simulation [10] further revealed
two other novel behaviors: (1) the reflection velocity distribu-
tion relative to the injection velocity distribution and (2) the
non-Ohmic region in the drain. In a sense, these new mesoscopic
properties must be taken into account when practically applying
the currently recognized theory of channel backscattering to a
certain device.

In this paper, assessment of and its decoupling into
and both are systematically demonstrated in 68-nm gate
length bulk MOSFETs. Evidence to confirm the validity of
the separation procedure subsequently follows, which also
consistently corroborates channel backscattering as the origin
of the underlying . Other interpretations and clarifications
are determined relative to the above mentioned Monte Carlo
simulation results. Eventually, the separated components, as
well as their dependencies on temperature and bias, are used to
describe the operation of the devices within the framework of
the channel backscattering theory.

II. DEVICES UNDER STUDY

Halo-implanted bulk n-channel MOSFETs were formed
using a state-of-the-art process. Fitting of a - (capacitance
versus voltage) curve led to the following process parameters:
the physical gate oxide thickness , the
polysilicon doping concentration ,
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Fig. 2. Measured drain current versus gate voltage at V = 1 V for three
temperatures.

and the channel doping concentration .
The physical gate length and width of the devices under study
were 68 nm and 10 , respectively. Fig. 2 depicts measured
drain current versus gate voltage characteristics at a drain
voltage for three temperatures, C, C,
and C. The near-thermal-equilibrium threshold voltage

was 0.36, 0.34, and 0.33 V for temperatures of C,
C, and C, respectively, which were obtained using the

peak transconductance extrapolation method at .
The temperature coefficient of was . The
drain-induced-barrier-lowering (DIBL), defined under constant
subthreshold conduction as the magnitude of the gate voltage
shift divided by a change in drain voltage (from 25 mV to 1 V),
was about 110 mV/V.

III. ASSESSMENT OF

To account for the source series resistance , drain series
resistance , and DIBL, (1) is augmented into

(2)

Here, the terms and repre-
sent the intrinsic gate voltage and intrinsic drain voltage, respec-
tively; and the term indi-
cates the threshold voltage later designated as . The effective
gate capacitance , the near-thermal-equilibrium threshold
voltage and the thermal injection velocity were all cal-
culated in advance using a one-dimensional quantum mechan-
ical numerical program [11] dedicated to an polysilicon/gate
oxide/p-type substrate MOS system. This program employed
the same algorithm on the basis of the triangular potential well
approximation as in [12]. With known process parameters (i.e.,

, , and ) as input, the simulator quantified the sub-
band energy levels and Fermi level, which in turn yielded elec-
tron population in the underlying two-dimensional electron gas
(2DEG) inversion layer. The resulting inversion-layer charge
density under equilibrium conditions versus intrinsic

Fig. 3. Calculated inversion-layer charge density versus intrinsic gate voltage
for three temperatures.

gate voltage is shown in Fig. 3, with temperature used
as the parameter. Fitting to the one-dimensional MOS electro-
statics formula yielded

and the , 0.31 V, and 0.30 V for
temperatures of C, C, and 25 C, respectively. The
corresponding threshold quantities, as well as temperature co-
efficient ( ), are all comparable with those mea-
sured under quasithermal-equilibrium conditions (i.e.,

, as mentioned above).
Again with the same subband levels and Fermi level as input,

the effective thermal injection velocity at the top of the source-
channel junction barrier can be readily calculated [4] as

(3)

where is the charge density associated with subband
in a certain direction (for example, a stream with a positive
wavevector) and is the corresponding thermal injection
velocity [4], [13]

(4)

(5)

Here, is the valley degeneracy, is the conductivity effec-
tive mass for subband , is the density-of-states effective
mass for subband , is the energy level of subband , is
the Fermi level, and is the Fermi–Dirac integral of order
one-half. For twofold valleys, and , and
for fourfold valleys, , and

, where the longitudinal mass and
the transverse mass . The results are displayed
in Fig. 4 against intrinsic gate voltage with temperature used
as the parameter. From these results, some important properties
can be drawn. First, at low gate voltages, or at the nondegenerate
limit, the thermal injection velocity considerably increases with
temperature, regardless of gate voltage, as expected. Second, at
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Fig. 4. Calculated thermal injection velocity versus intrinsic gate voltage for
three temperatures.

Fig. 5. Extracted backscattering coefficients corresponding to Fig. 2.

high gate voltages, or near the degenerate limit, the thermal in-
jection velocity increases with gate voltage whereas the rate of
increase declines with increasing temperature. The same depen-
dencies are mentioned elsewhere [4].

The source series resistance was about 75 ,
which was determined using the ratio-and-shift method on
long-channel devices (up to 10 ) from the same manufac-
turing process. As usually adopted, the drain series resistance

was assumed to be equal to . Now all the parameters
in (2) are known, except . At this time, can be assessed
by fitting (2) to versus in Fig. 2. The results are given
in Fig. 5 against gate voltage with temperature used as the
parameter. It can be seen that: 1) decreases with increasing
gate voltage and then, critically, tends to saturate and 2)
decreases with decreasing temperature, in agreement with [9].
On the other hand, the Monte Carlo simulation [10] revealed
a non-Ohmic property in the drain of the ultra short channel
devices. This specific case of was also included in the
calculation and the corresponding change in was found to
be very small. The reasons are that of 75 multiplied

Fig. 6. Measured mobility versus intrinsic gate voltage for three temperatures.

Fig. 7. Extracted mean-free path versus intrinsic gate voltage for three
temperatures.

by the drain current (0.64 in Fig. 2, for example) is
negligible relative to .

IV. SEPARATED COMPONENTS

Long-channel devices from the same process were also em-
ployed to characterize near-thermal-equilibrium mobility .
Fig. 6 displays measured mobility versus intrinsic gate voltage
with temperature used as the parameter, which was obtained
using a drain conductance method [14]. It can be seen that the
mobility versus gate voltage curve can be separated into three
well-known distinct components [14]: Coulombic scattering,
phonon scattering, and surface roughness scattering. Further
observation points out that different temperature dependencies
exist between different components, as expected.

The mean-free-path in the layer is functionally linked
to and through [1]–[6]. Substi-
tuting the measured and calculated into the formula,
was quantified as plotted in Fig. 7 against intrinsic gate voltage
with temperature used as the parameter. It can be seen that a crit-
ical gate voltage of 0.45 V exists, above which the mean-free-
path decreases with increasing temperature, and below which
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Fig. 8. Extracted k T layer width corresponding to Fig. 2.

an increase in temperature produces an increase in the mean-
free-path. The former dependence can be attributed to the sur-
face roughness scattering dominating while the thermal injec-
tion prevails in the latter. Since the magnitude of the mean-free-
path has been known, the corresponding -layer width can
readily be obtained from Fig. 5. The results are shown in Fig. 8
versus gate voltage for three temperatures. It can be seen that the

layer narrows with increasing gate voltage and decreasing
temperature. A change in temperature produces a broad spread
in -layer widths, especially at low gate voltages.

V. EVIDENCE

Evidence to confirm the validity of the above separation pro-
cedure is produced: 1) the near-source channel conduction-band
profile; 2) the layer width in the literature involving sophis-
ticated device simulation; and 3) an analytic temperature-de-
pendent drain current model for the channel backscattering co-
efficients. The findings are also consistent with each other and
therefore corroborate channel backscattering as the origin of the

in underlying devices.

A. Near-Source Channel Conduction-Band Profile

Within the framework of the channel backscattering theory,
the channel conduction band is bent downward by a thermal
energy while traversing from the injection point (i.e., the
top of the source-channel junction barrier) to the end of the

layer. According to this definition, the temperature de-
pendent -layer widths in Fig. 8 were transformed into the
near-source channel conduction-band profile as plotted in Fig. 9.
Strikingly, it can be seen that the potential gradient increases in
magnitude with increasing distance from the source. Indeed, so-
phisticated device simulations on bulk devices [8], [15] exhib-
ited the same trend. Thus, the conduction-band profile in Fig. 9
can serve as strong evidence for the work.

B. Existing Value of

Hydrodynamic device simulation [15] on a 2.5-nm-thick
physical gate oxide, 50-nm channel length bulk MOSFET
yielded an value of around 9.5 nm at . Our

Fig. 9. Near-source channel conduction-band profile transformed from Fig. 8.

extracted value at the same applied biases is 6.7 nm (see Fig. 8)
for a 1.65-nm-thick physical gate oxide, 68-nm gate length
bulk MOSFET. We found that the difference between the two
values can almost be eliminated if the two factors are offset in
advance. The first factor is the different potential drop across
the source: the study in [15] conducted by Choi used 0.25 V,
whereas we used 0.05 V. Therefore a downward shift of 0.2 V
in gate voltage from 1 to 0.8 V is required for fair comparison,
giving a corresponding of 7.8 nm. The second factor is due to
the different gate oxide thickness. A first-order approximation
(0.2-V threshold voltage was assumed; the equivalent electrical
gate oxide thickness in inversion was about 3.35 nm in [15] and
2.5 nm in our work) was performed to retain the same inver-
sion-layer charge density, leading to an updated gate voltage of
around 0.65 V. At this point the layer width becomes 9.3
nm, quite close to the 9.5-nm result exhibited in [15].

C. Temperature-Dependent Drain Current Model for

An analytical temperature dependent drain current model in
[9] is extended in general form as follows:

(6)

Here, stands for the temperature coefficient of near-thermal-
equilibrium threshold voltage. The other constants appear in the
following power law relationship: the injection thermal velocity

; the low lateral-field mobility ; and the
width of the layer . The numerical constants , ,
and can be determined from the temperature dependencies of
the calculated in Fig. 4, the measured in Fig. 6, and
the extracted in Fig. 8, respectively. The resulting power expo-
nents are plotted in Fig. 10 against gate voltage. Then by substi-
tuting these constants and experimental drain currents into (6),
we obtained the channel backscattering coefficients at 25 C, as
shown in Fig. 11. Again, a good agreement was achieved.

VI. FURTHER DISCUSSION

Further interpretations and clarifications can be determined
relative to the backscattering by the drain in the ultra short
channel (10-nm channel length) double-gate MOSFET at
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Fig. 10. Fitted power exponents versus gate voltage.

Fig. 11. Comparison of extracted r at 25 C with that from (6).

[10]. First, quasiballistic electrons moving out of
the layer and entering into the remainder of the channel
experience a process of energy loss via phonon emission.
This loss in energy increases with increasing channel length,
as in our device, which effectively prohibits backscattering
from the drain reaching the beginning point of the channel.
Second, the large drain voltage of 1 V applied in our work
causes a large barrier height to be encountered near the drain,
which significantly increases the difficulties the backscattered
electrons from the drain have been overcoming the barrier
height. Finally, in a bulk device operated in saturation as in
our work, the distributions of the electric field and the current
flow lines near the drain are essentially two dimensional, which
effectively enlarges the path of the drain backscattering to the
source.

The simulation work [10] further pointed out the possible dif-
ference between the distribution shape of the injection velocity
and that of the reflection velocity. On the other hand, under
the quasiballistic conditions (i.e., the energy loss in a backscat-
tering event can be ignored on average), the events of multiple
backscatterings through the layer can lead to a relationship

of (see [1, Chapter 2] for details). In other words,
a simple form of can apply equally to the forward
and backward flux streams. Therefore, according to the work of
[10], if a single is used, then the average reflection velocity
at the top of the source-channel barrier should be expressed as
the injection velocity multiplied by a certain factor ( ).
Here, is introduced to reflect the contribution of the fast car-
riers [10]: means that the distribution of the reflection
velocity at the top of the source-channel barrier can be approxi-
mated by a hemi-Maxwellian distribution as that of the injection
velocity; and increases with the increasing importance of the
fast carriers through an extended tail of the distribution profile.
In a similar way leading to (1), the drain current in the presence
of factor can be derived as follows:

(7)

As described in detail above, a single as a first-order approx-
imation appears to work well, suggesting in our work.

Therefore, we can now reasonably claim that the separated
components, as well as their dependencies on temperature and
bias, can be adequately used to describe the operation of the de-
vice within the framework of the channel backscattering theory.
For example, at operating conditions of 25 C and

the conduction band from the injection point of the channel
is bent down by a thermal energy of 25.7 meV to a distance
of (see Fig. 8). Then a bending of approximately
1 eV is subsequently developed across the remainder of the
channel. The mean-free-path is 10.1 nm (also see Fig. 7) for
backscattering in 6.7-nm-wide layer, effectively producing
a backscattering coefficient of 0.4. The mean-free-path is
larger than the width of the layer, confirming the quasiballistic
transport. The injected charge density from the source is 0.72

with the injection velocity of 1.48 . The
incident flux stream multiplied by the transmission probability
( ) constitutes the drain current of 0.64 . A
similar argument can apply to other biases and temperatures.

VII. CONCLUSION

Separation of channel backscattering coefficients in 68-nm
gate length bulk n-channel MOSFETs has been systematically
performed. Consistent evidence has confirmed the validity of the
separation procedure and has corroborated channel backscat-
tering as the origin of the assessed coefficients. Other interpreta-
tions and clarifications have been determined with respect to the
backscattering by the drain, the injection and reflection velocity
distributions, and the non-Ohmic property in the drain. The sep-
arated components have eventually been used to describe the
operation of the underlying device within the framework of the
channel backscattering theory.
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