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Abstract

Velocity modulation transistors (VMT) are proposed as a way to explode short transit time between two adjacent channels with
different transport properties in order to obtain a fast switch. Originally proposed for III–V heterostructures, a Monte Carlo study
of silicon-based VMTs is presented in this work showing that surface roughness in double-gate silicon-on-insulator devices can be
used as a mobility degradation mechanism to obtain current ratios higher than 30 and therefore feasible devices. Transient simu-
lations have been also carried out obtaining sub-picosecond switch times for 0.1 lm gate length. Switch time limitations are also
discussed including both intrinsic and extrinsic factors.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In conventional field effect transistors (FET) the
switching time is controlled by changing the carrier con-
centration in the channel, and therefore by the transit
time of the carriers from source to drain [1]. As a conse-
quence, the transistor channel length should be reduced
well below 100 nm in order to obtain transit times in
the sub-picosecond range, and as a consequence, fre-
quencies of operation in the terahertz range [2,3]. How-
ever, in order to control the negative short channel
effects (SCE) in those channel lengths double-gated sili-
con on insulator devices (DGSOI) can be used, but it is
still needed very expensive and advanced facilities, and
sometimes still unknown technological solutions for
mass production [4]. An original proposal to reduce the
switching time was introduced by Sakaki in 1982 [5].

The concept of velocity modulation transistor (VMT) ex-
plodes the perpendicular transit time between two adja-
cent channels of very different transport properties. The
essential requirements for velocity modulation are two-
fold: (1) To switch the electron gas between two channels
without changing the carrier density and (2) to create
large enough mobility difference between both interfaces.
This device was originally proposed using III–V het-

erostructures such as n-AlGaAs/GaAs/n-AlGaAs form-
ing two different channels at the heterointerfaces in
GaAs [5]. One of the channels was highly doped with
compensated donor and acceptor dopants, whereas the
other one was kept undoped. In that case the compen-
sated-doped channel formed the low mobility channel
and the undoped one the high mobility channel. Several
works can be found in the literature based on different
heterostructures [6] using the same procedure to obtain
differences on the transport properties. Current ratios
obtained for those cases were smaller than 3 while a
practical device should present, at least, a ratio of 10.
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Obviously, it would be very interesting to realize this
idea on a silicon-based technology since it could be oper-
ated in the ‘‘teraherz gap’’ with applications on health
and security equipment. Thanks to the flexibility of sili-
con-on-insulator (SOI) technology nowadays is possible
to create such heterostructures in silicon-based devices
[7]. A first performance prediction study of a VMT-like
structure in Si was described in [8] where the degrada-
tion mechanism for the low mobility channel was again
a compensated doping profile. Due to the fact that in
this approach, front and back gate lengths were different
a high electron density modulation was present (higher
than 25%) between the two conduction states leading
to a non-proper operation as VMT (again the achieved
current ratio was approximately 3). Moreover, very re-
cent experimental studies report that it is possible to
move charge from the top interface to the bottom one
in DGSOI devices obtaining velocity modulation at
room temperature keeping constant the actual inversion
charge constant [9]. So that, the aim of this work is to
carry out a thorough investigation about the perfor-
mance of DGSOI transistors operated as VMT at room
temperature considering surface roughness instead dop-
ing compensation as a degradation mechanism to create
a low mobility channel.
The outline of this paper is as follows. Section 2 de-

scribes the structure and operation conditions for the
DGSOI used to simulate velocity modulation in sili-
con-based devices. The ensemble Monte Carlo (EMC)
simulator used in this work is described in Section 3.
Section 4 shows the results obtained from the simula-
tions for both stationary and transient operation.
Extrinsic and intrinsic switch time limitations are com-
mented in Section 5. Finally the main conclusions
obtained in this work are drawn in Section 6.

2. Description of a DGSOI transistor operated as a
VMT

The structure under study in this work is a DGSOI
transistor with a silicon channel thickness of TW =
20 nm, gate length of LG = 100 nm and oxide thickness
of Tox = 10 nm for both front and back gates. Source
and drain have a doping concentration of ND = 10

19

cm�3 and the channel is lightly doped (NA = 10
12

cm�3). The device under study is depicted in Fig. 1.
VMT operation demands two channels with different

transport properties. As has been mentioned before,
high doping has been used normally as degradation
mechanism in order to increase Coulomb scattering in
the low mobility channel. The drawback of this mecha-
nism is that Coulomb scattering affects also the mobility
in the other channel reducing the mobility ratio and
therefore the performance of the device. Therefore, it be-
comes necessary to choose a degradation mechanism

which degrades the transport properties only in one of
the channels (i.e. near to one of the interfaces). Pros
and cons of different degradation mechanisms such as
Coulomb scattering, the use of an amorphous material
or the creation of an intentionally rough interface have
been analyzed in [10]. Fig. 2 shows 1D Poisson–Schrö-
dinger Monte Carlo simulations of the electron mobility
in front and back channels for the DGSOI structure un-
der study where one of the interfaces is very rough (the
surface roughness parameters provided by experimental
measurements were Dsr = 2 nm, Lsr = 15 nm). The simu-
lator has been described elsewhere [11,12].
As can be observed, ln in the degraded channel is

very low in the whole range of inversion charge concen-
tration and the mobility in the other channel is also
affected by the surface roughness, specially at low inver-
sion charge concentrations. However, for electron densi-
ties of 5 · 1012 cm�2 and higher, this influence is reduced
and a ratio among the mobilities in both channels (lA/
lB) higher than 30 is achieved. An intentionally de-
graded Si–SiO2 interface will be used for the following
study mainly for two reasons: (1) The mobility ratio
obtained produces a higher current ratio than when
Coulomb scattering is used as main degradation mecha-
nism. (2) From a technological point of view a highly

Fig. 1. DGSOI structure proposed to be operated as VMT.

Fig. 2. Electron mobility in the front channel (middle curve) and in the
back channel (lowest curve) for a degraded back interface by a rough
back interface.
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