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Abstract

For fast computation of drain current in Nano-MOSFET, we have developed a new
backscattering model based on the accurate determination of ballistic and
backscattering probabilities along the channel. The main elements of this model are
deduced from careful analysis of transport in devices using Monte Carlo simulation.
The backscattering coefficient is in very good agreement with the results of Monte
Carlo spectroscopy for MOS transistors and N+/N/N+ diodes.

1 Introduction

Recent works showed that nano-MOSFETSs operate close to the ballistic limits [1]. In
this regime, an accurate estimation of the backscattering coefficient R is needed for a

realistic /) calculation using the simple expression [2,3]
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In this work, we propose a physically improved backscattering model based on
energy-dependent scattering rates. It is simple enough to be used in predictive
compact modeling, which is very useful in a R&D context, and it is validated via
careful comparison with Monte Carlo simulation for three MOSFETSs designed from
ITRS specifications (Fig. 1) and for N+/N/N+ diodes.

2 Backscattering model

The backscattering coefficient R, is usually determined from the mean free path A and
the critical distance / over which the channel potential drops by k7/¢ (Fig.2)[2]; i.e.
R.=1/(A+]). This approach postulates that most carriers that contribute to the
backscattered flux scatter within the so-called "kT-layer". But recent works suggest
that in very short MOSFETs the entire channel or a more significant part of the
channel participates in the backscattering [4,5]. Moreover, the determination of
A=vr x 7 (Fig.2) is usually obtained from a single effective mass thermal velocity vy



and a near-equilibrium relaxation time 7, which is questionable in the case of high-
energy backscattered electrons.
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Figure 1: Description of 3 bulk Figure 2: Schematic conduction band
MOSFETs designed from ITRS energy vs. position for a MOSFET
specifications under high gate and drain bias.

Preliminary Monte Carlo simulation has been performed to get information on
transport and scattering in the channel. R, can be obtained from the velocity spectrum
at the top of the barrier (Fig.3) as the ratio of negative flux to positive flux.

The velocity spectrum extracted in the middle of the channel (Fig.4) presents a
negative velocity part whose a fraction contributes to the backscattered flux. The
evaluation of this fraction at each position of the channel requires us to study
separately the contribution of populations with either a transverse mass (m;) or a
longitudinal mass (m;). The ballistic part of these populations is clearly evidenced by
two peaks in Fig.4. The results suggest that the correct estimation of R, should derive
from the integration of backscattering probabilities over the entire channel length.
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Figure 3: Velocity spectrum at the Figure 4: Velocity spectrum at the

top of the barrier for MOS2 at middle of the channel of MOS2 at

VDS:0.8V VGS: VD5: 0.8V.

In our model, we thus consider two thermal velocities, i.e. v,.= 1.2x105m/s for

"transverse” electrons and 5.6x10%m/s for "longitudinal" electrons. Assuming a
parabolic channel potential at given drain bias, we calculate the ballistic velocity vp,/

and the ballistic energy for each type of carriers as a function of the position x in the



channel. From this energy we determine the total scattering rate of ballistic carriers
1/1pqi(x) using the same scattering rate expressions as used for Monte Carlo
simulation. A "dynamic free path" Dfp is then calculated as Dfp(x) = vpgi(x) x Tpal(X).
For a ballistic carrier at x, this quantity represents the average distance at which a
scattering event should be experienced. As shown in Fig.5, Dfp increases along the
channel at the source-end due to the velocity increase, and decreases at the drain-end
because of the strong increase of phonon emission rate at high energy. The fraction
Npql(xtdx) of ballistic electrons at x+dx can be deduced from Npgyi(x) as
Npgi(xt+dx) = Npgi(x)*exp(-dx/Dfp(x)). This function Npg,j(x) is plotted in Fig.6 for

diodes with two doping levels in the N central region and compares very well with
Monte Carlo results.
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Figure 5: Dfp T and Dfp L Figure 6: Ballistic probability
versus the distance along the Nya (x) versus the distance along
channel for MOS2 at Vps = 0.8V the channel for a diode L.; = 40nm

at VDS: 1V

From the probability Np4j(x) we can deduce the probability Ngcq4(x) for an electron to
have its first scattering event at position x. For a carrier having just scattered at x we
calculate the probability to be backscattered. Taking into account the possible change
in energy after scattering at x, we calculate the probability P(x) that the carrier
reenters the source region by determining the transmission coefficient to the source
Ts(x) under a repulsive electric field and the coefficient transmission to the drain
Tp(x) under a attractive electric field [6]. The probability P(x) is equal to
Ts(x)/(Ts(x)+Tp(x)). By integrating these different contributions over the channel
length, we obtain the fraction of backscattering as a function of x for both types of
carriers, as illustrated in Fig.7. By weighting these quantities by the carrier
distribution in "transverse" and "longitudinal" valleys, the final R, is determined as
the value of the fraction of backscattering at x = L¢j,. As illustrated in Fig.8, our
model gives accurate R, values for several MOSFETs and N+NN+ diodes in

comparison with Monte Carlo results (error less than 5%) and [2]. We have thus
developed an efficient and rigorous backscattering model. This model takes into
account the non-equilibrium transport and inspects the different possible contributions
of each type of carrier all along the channel.
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Figure 7: Fraction of backscattering  Figure 8: Comparison of R. models

versus the distance along the channel and Monte Carlo results for 3

for MOSI1 at Vps= 0.8V MOSFETs at Vpg= 0.8V and 2
N+/N/N+ diodes (5.10"cm™/
10%cm™/5.10%cm™) at Vpg= 1V

3 Compact Modeling

This backscattering model allows us to calculate the resulting injection velocity with
v,y =v; (= R./1+ R.) . Then, after the calculation of the charge at the top of the
barrier, the drain current may be deduced from Eq.(1). This model is the foundation of
a new compact modeling approach based on microscopic observations. Its
implementation in a full compact modeling environment is currently underway.
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