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Abstract—In this study, we have developed an evaluation tool
of quasi-ballistic transport parameters in realistic devices, to
clarify practical benefits of downscaling MOSFETs into ultimate
physical scaling limit. It is found that ballistic transport in
double-gate (DG) MOSFETs is enhanced due to the channel
length (Lcn) scaling until Len = 10 nm, but when Lch is further
scaled to less than 10 nm using 7si = Lcn / 3 scaling rule, where Tsi
is the channel thickness, surface roughness scattering intensified
by spatial fluctuation of quantized subbands drastically degrades
ballistic transport. Furthermore, on-current increase or decrease
of ultra-scaled DG MOSFETs is found to be basically determined
by a backscattering coefficient R. Gate and drain bias voltage
dependencies of ballisticity are also evaluated.
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L

Ballistic transport has been expected to boost device
performance of MOSFETs. In particular, silicon-on-insulator
(SOI) or double-gate (DG) MOSFETSs with an intrinsic channel
are considered to have an advantage to achieve ballistic
transport, because impurity scattering is absent in those channel
region [1]. However, such ultrathin channel devices suffer from
a non-traditional surface roughness (SR) scattering caused by
spatial fluctuation of quantized subbands [2]. Therefore,
clarification of practical benefits of downscaling MOSFETs
into ultimate physical scaling limit is highly required.

In the meantime, concepts such as mobility and saturation
velocity, which have formed the basic foundation for
developing conventional drift-diffusion transport models, are
considered not to be applied anymore in the quasi-ballistic
transport regime. Hence, a new transport model describing
carrier’s quasi-ballistic transport at the atomic level is needed.
According to [3], drain current in the quasi-ballistic transport
regime is expressed using an injection velocity vi,j and a
backscattering coefficient R. Thus, it is indispensable to
develop an evaluation tool of those quasi-ballistic transport
parameters in realistic devices, in order to clarify practical
benefits of further downscaling Si MOSFETs. In this study, we
have developed such evaluation tool based on Monte Carlo
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(MC) simulation techniques, and have provided knowledge
regarding the role of the non-traditional SR scattering on the
quasi-ballistic transport in Si-DG MOSFETs [4]. We have also
discussed gate and drain bias voltage dependencies of R, in
order to demonstrate that the channel length dependency of R is
not altered by the bias conditions.

II. SIMULATION METHODS

A. Multi-subband MC approach

We have employed the self-consistent multi-subband MC
approach, in which Schrédinger-Poisson solver and MC
simulator are self-consistently solved. Scattering processes
considered in this study are acoustic phonon, optical phonon,
ionized impurity and SR scatterings. Here, it should be
emphasized that the non-traditional SR scattering caused by
spatial fluctuation of quantized subbands, which is owing to
channel thickness variation in ultrathin channel devices, is also
considered by using so-called Prange-Nee terms [5].
Nonparabolicity of the conduction band is taken into account in
all scattering rates. In addition, the number of subbands
considered in the simulation was chosen to be large enough, i.e.,
subbands with quantized energy less than 0.5 eV were
considered, because Vp = 0.5V was used in this study.

B. Quasi-Ballistic tarnsport parameters

A schematic diagram representing the quasi-ballistic
transport picture is shown in Fig. 1. viy is defined as an average
velocity for carriers passing through the bottleneck point from
source to channel. When scattering occurs in the channel, an
average carrier velocity at the bottleneck point, vs, is expressed

by [1]

1-R
Ve =V X7 &
l + R(vinj /vback)

(1)

where viack 18 a backward carrier velocity and R a
backscattering coefficient defined as a flux ratio given by R =
ObVback/ OfVinj, Wwhere Orand Qp are the forward and backward



backscattering coefficient
_ O, Vousk

OV

velocity at source-end
1-R
V‘\_ = vinj X
1+R (Viuj/vback)

J) Oy Vyaek : backward channel current

source /

OV, : forward channel current

kT-layer

channel

Fig. 1 Definitions of quasi-ballistic transport parameters in a MOSFET.
Backscattering coefficient R is defined as a ratio of backward and forward
channel currents.

channel charge densities, respectively. In the ballistic limit (R =
0), vs = vinj. By taking advantage of MC techniques, we have
carefully monitored particle trajectories crossing over the
bottleneck point from source to channel and vice versa, and

then we could extract the average carrier velocities, viyj and Vagcx,

and R. In other words, we have succeeded in evaluating the
quasi-ballistic transport parameters directly from the carrier

dynamics in MOSFETs [4].

III. SIMULATION RESULTS

A. Channel length dependencies of R and I,

Fig. 2 shows the device structure of DG MOSFET used in
this study. Note that the channel length L., was varied from 30
to 6 nm, whereas the channel thickness 7s; was chosen by
following an empirical rule of 7si=Lcn/3, which is often used as
a guideline to suppress short-channel effects. In fact, we
confirmed that threshold voltage (V) lowering due to Lk
scaling can be successfully suppressed by introducing this Ts;
scaling as shown in Fig. 3, where the results obtained by using
Tsi=Len/2 scaling and fixed Ts; (=3 nm) are also plotted for
comparison. As clearly shown in this figure, the Tsi=Lcn/3
scaling almost completely suppresses the V; lowering until Len

= 6nm.

Fig. 4 shows the simulated R as a function of the channel
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Fig. 2 Device structure of DG MOSFET. Note that the channel length L,
was varied from 30 to 6 nm, whereas the channel thickness Ts; was chosen
by following an empirical rule of 7g =L /3, which is often used as a
guideline to suppress short-channel effects. The channel is undoped and
thus carrier backscattering in the channel is caused by phonon and SR
scatterings.
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Fig. 3 Threshold voltage lowering AVy computed as a function of the
channel length, where the vertical axis represents variations in V;, measured
from the values at L, =20 nm, i.e., AV = Vin (L) — Vin (20nm). The dashed
line with squares represents the fixed T (=3 nm), the solid line with
diamonds Ts; = L,/ 2, and the solid line with circles Ts; = Ly, /3. Note that the
Tsi = L/ 3 scaling almost completely suppresses the V3, lowering until Ly, =
6nm. Therefore, we adopted the Ts; = Ln/3 scaling rule in this study.

length, where our previous results in [6] are also plotted. Note
that the lower and upper horizontal axes represent Ly and Ts;,
respectively. R decreases with reducing L, until L, = 10 nm in
both the present and previous results. This means that ballistic
transport is enhanced due to the channel length scaling down to
10 nm. However, for Lcy < 10 nm, the present results exhibit the
drastic increase in R, whereas the previous result exhibits the
monotonous decrease in R. Since our previous result ignored
SR scattering, the discrepancy in the sub-10 nm regime is due
to the SR scattering [4]. Fig. 5 shows the channel length
dependency of on-current, Ion, simulated using the MC
simulator. It is found that /o~ increases with reducing L until
L, = 10 nm, and then, it sharply decreases in the sub-10 nm
regime. Namely, on-current increase or decrease of ultra-scaled
DG MOSFETs is found to be basically determined by a
quasi-ballistic transport parameter R, shown in Fig. 4.
Accordingly, the on-current degradation in the sub-10 nm
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Fig. 4 Simulated R as a function of the channel length, where the lower
and upper horizontal axes represent Ly and Tg;, respectively. The
dashed line represents our previous results in [6]. The discrepancy in
the sub-10nm regime is due to the SR scattering.
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Fig. 5 Channel length dependency of Ion. It was calculated at Vg — Vi, =
0.3V. Vi is defined as the gate voltage which corresponds to Ip =
0.01lmA/pum. oy increases with reducing L, until Lo, = 10 nm, and then, it
sharply decreases in the sub-10 nm regime. This tendency is coincident
with that in an inverse of R shown in Fig. 4.

regime is confirmed due to the SR scattering intensified by
spatial fluctuation of quantized subbands. Hence, significant
improvement in the quality of gate oxide interfaces is
indispensable to receive the benefits of ballistic transport in the
sub-10 nm DG/SOI MOSFETs.

B. Gate and drain bias voltage dependencies of R

Since the scattering rates depend on electron kinetic energy,
R may be functions of the gate and drain bias voltages. Then, to
demonstrate that the channel length dependency of R found in
Fig. 4 is unaltered by the bias conditions, we further examined
the gate and drain bias voltage dependencies of R, using the MC
simulator. Fig. 6 shows the gate voltage dependencies of R
calculated for L.y, = 6, 10, and 20 nm. It is found that R increases
with the gate voltage for all the channel lengths. To explain the
reason, we plotted the variations due to the gate voltage in the
lowest subband energy profile and in the average electron
kinetic energy profile in Fig. 7 (a) and (b), respectively, for Lch
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Fig. 6 Gate voltage dependencies of R calculated for L., = 6, 10, and
20nm. ¥p = 0.5V. R increases with the gate voltage for all the channel
lengths.
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Fig. 7 Variations due to gate voltage in (a) the lowest subband energy
profile and in (b) the average electron kinetic energy profile, where L, =
10nm and V= 0.5 V. Note that the electron kinetic energy increases in the
left side of the channel as the channel potential is decreased by the gate
voltage increase, which leads to the increased R with the gate voltage.

= 10nm and ¥p = 0.5 V. Note that the electron kinetic energy
increases in the left side of the channel as the channel potential
is decreased by the gate voltage increase. As a result of the
increased kinetic energy, phonon scattering increases at the
source-end of the channel with the gate voltage. SR scattering
also increases with the gate voltage. Both of them lead to the
increased R with the gate voltage as shown in Fig. 6. However,
for L, = 6nm, SR scattering becomes dominant over acoustic
phonon scattering [4], and then R more swiftly increases with
the gate voltage in the case of L, = 6 nm. According to the
above results, the channel length dependency of R in Fig. 4 is
found to be unaltered by the gate bias condition in the present
DG MOSFETs.

Next, Fig. 8 shows (a) Ip — V'p characteristics and (b) the
drain voltage dependencies of R, calculated for Lcy, = 10 nm and
Ve=0.2,04and 0.6 V. At 'pb =0V, R =1 was obtained for all
gate voltages, which verifies the validity of our extraction
method of R. Here, note that R is almost constant with the drain
voltage in the saturation region, which of course corresponds to
the saturation of the drain current. This can also be understood
using the variations in the lowest subband energy profile and in
the average electron kinetic energy profile as shown in Fig. 9
(a) and (b), respectively. First, the electron kinetic energy
slightly increases in the left side of the channel with the drain
voltage, as shown in Fig. 9 (b). Next, the width of the potential
bottleneck barrier, i.e. k7-layer length [1], reduces with the
drain voltage as shown in Fig. 9 (a). This is because as the drain
voltage increases, the potential energy around the drain-side of
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Fig. 8 (a) In — Vp characteristics and (b) drain voltage dependencies of R,
calculated for Ly, = 10nm and V5=0.2,0.4 and 0.6 V. At V/pb=0V,R=1
was obtained for all gate voltages. Here, note that R is almost constant
with the drain voltage in the saturation region, which of course
corresponds to the saturation of the drain current.

the channel is significantly lowered, and it distinctly reduces
the kT-layer length. Since the reduction of the k7-layer length
offsets the increase in phonon scattering due to the increased
electron kinetic energy, R eventually becomes almost constant
with respect to the drain voltage. Consequently, the drain bias
condition is also found not to alter the channel length
dependency of R in Fig. 4.

IV. CONCLUSION

In this study, we have developed an evaluation tool of the
quasi-ballistic transport parameters based on MC techniques,
and have presented the backscattering coefficients evaluated as
a function of the channel length, the gate and the drain bias
voltages. As a result, it is found that ballistic transport in DG
MOSFETs is enhanced due to L scaling until Ly = 10 nm, but
when L, is further scaled to less than 10 nm using the 7s; = Len
/ 3 scaling rule, SR scattering intensified by spatial fluctuation
of quantized subbands drastically degrades ballistic transport.
On-current behavior of ultra-scaled DG MOSFETs has been
confirmed to be basically determined by R, and thus the quality
of gate oxide interfaces must be improved to avoid the drastic
increase of R due to SR scattering, and to improve the device
performance in the sub-10nm regime. It is also found that R
increases with the gate voltage, whereas it is almost constant
with the drain voltage in the saturation region. Therefore, the
channel length dependency of R was confirmed to be unaltered
by the gate and drain bias conditions in the on-state. The
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Fig. 9 Variations due to drain voltage in (a) the lowest subband energy
profile and in (b) the average electron kinetic energy profile, where L¢, =
10nm and V= 0.6 V. The electron kinetic energy slightly increases in the
left side of the channel with the drain voltage as seen in (b). On the other
hand, the width of the potential bottleneck barrier, i.e. k7-layer length,
reduces with the drain voltage as seen in (a). The reduction of the k7-layer
length offsets the increase in phonon scattering due to the increased
electron kinetic energy.

knowledge obtained in the present simulation would be useful
to develop a compact model for quasi-ballistic MOSFETs.
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