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Performance predictions for a silicon velocity modulation transistor
G. C. Crow and R. A. Abram
Department of Physics, University of Durham, South Road, Durham DH1 3LE, United Kingdom

~Received 18 June 1998; accepted for publication 15 October 1998!

A Monte Carlo simulation has been devised and used to model submicron Si velocity modulation
transistors with the intention of designing a picosecond switch. The simulated devices have nominal
top and back gate lengths of 0.1mm, and the conduction channels have similar thickness. Mobility
modulation has so far been achieved by heavily compensated doping and interface roughness at one
side of the channel. The simulated devices have a high intrinsic speed; simulations performed for
T577 K suggest that current can be switched between the low and high mobility regions of the
channel within 1.5 ps. However, in unstrained Si devices the main obstacle to practical device
operation is the rather small current modulation factor~the ratio of the steady drain currents for the
device operating in the high and low mobility regimes!, which decreases towards unity with
increasing drain–source bias. Such a device should work best for small electric fields along the
channel (;105 V m21), the regime where impurity scattering has its greatest influence on the
electron mobility. © 1999 American Institute of Physics.@S0021-8979~99!05502-4#
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I. INTRODUCTION

Sakaki originally proposed velocity modulation as
means of obtaining fast switching in a field effect transis
by transferring electrons between high and low mobil
channels. The motivation for this approach is to remove
reduce the capacitive limitation on device speed that ar
through modulation of the channel carrier density in a c
ventional field effect transistor. Sakaki suggested the us
GaAs/AlGaAs as the materials system1 and a few GaAs de-
vices have been reported since then,2,3 including the dual
channel high electron mobility transistor~HEMT!.4 One ad-
vantage of using GaAs is that low-temperature-grown Ga
with naturally occurring arsenic islands, can form the lo
mobility side of the channel. These islands serve as sca
ing centers for electrons. In principle, these, along with io
ized impurities, could yield a high/low electron mobility ra
tio of 40.2

Kizilyalli et al. have modeled the operation of a GaA
AlGaAs velocity modulation transistor, which had a 0.4mm
long gate and a channel 1mm long and 0.1mm wide.5,6 This
simulated device made use of separate source and drain
tacts to the high and low mobility sides of the GaAs chann
Mobility modulation was achieved using compensated d
ing at one side of the channel. The predicted current mo
lation factor which defines the ‘‘on’’ and ‘‘off’’ states of the
device was 1.6.~It should be noted that a current modulatio
factor of at least 10 is the requirement for a commerc
device!.7 Although charge could be transferred across
channel within 0.5 ps, it took rather longer~3 ps! for the
drain current to reach a new steady state once the gate b
had been switched. The simulated devices were driven
drain–source electric fields;106 V m21; consequently the
velocity profiles along the undoped and heavily compensa
sides of the channel differed by at most 25% at 300 K.

While interest has focused on GaAs, the motivation h
is to devise a terahertz transistor based on Si where the b
1190021-8979/99/85(2)/1196/7/$15.00
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developed fabrication technology could facilitate the imp
mentation of appropriate structures. The geometries of
modeled Si devices are smaller than the GaAs devices
scribed above~;0.1 mm gate length,;0.1 mm long30.1
mm wide channel!. Such devices are not compact enough
be true quantum transport devices and a semiclassical
scription of the transport should be applicable at tempe
tures above 77 K. Monte Carlo simulations of the devic
have been carried out and the electron transport mode
summarized in Sec. II. In Sec. III, results are discussed
simulations of unstrained Si devices, showing how the d
ing profile and drain/gate bias conditions influence the
vice operation.

II. MONTE CARLO MODEL

Superparticles that represent electrons in the ensem
Monte Carlo simulation are described by nonparabolic el
soidal valleys in reciprocal space and obey classical sta
tics. Herring–Vogt transformations are used to map car
momenta into spherical valleys when particles are drift
scattered, or cross heterojunctions. The electric field eq
tions are solved self-consistently with the electron transpo8

and the device grid potentials are updated at each ense
drift timestep ~1 fs!. The electric field cell size is;5
35 nm2. For these submicron transistors, 1000 electron
perparticles are sufficient to get a good idea of the curr
switching properties, but for the calculation ofI –V curves
and smooth switching characteristics an initial count of 40
superparticles has been used. Electrons in bulk Si may
scattered by ionized impurities and by bulk acoustic and n
polar optical phonon modes. Acoustic phonon scattering
assumed to be elastic and the absorption and emission
are combined under the equipartition approximation, wh
is valid for lattice temperatures at and above 77 K. Ioniz
impurity scattering in doped and compensated regions of
device is described using the screened Coulomb potentia
6 © 1999 American Institute of Physics
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the Brooks–Herring model. The impurity scattering rate
electrons with energyE in an ellipsoidal valley of nonpara
bolicity a is

Rimpurity~E!5
Na1Nd

8A2m* pe r
2e0

2~112aE!@E~11aE!#3/2

3Fa2E21
@11aE~11j!#2

j221

1aE@11aE~11j!# lnS j21

j11D G , ~1!

j511 l s
22/4m* E(11aE) wherem* is the density of states

effective mass andl s
21 is the reciprocal screening lengt

such thatl s
225uNa2Ndu/e re0kBT. Na is the acceptor den

sity andNd the donor density.
A very simple model for scattering particles off a roug

oxide layer has been included, although this is not listed a
process in the scattering rate ladder. Instead, when a su
particle is bounced off a rough heterojunction barrier, rat
than suffer a specular reflection it is deflected back into
Si at a random angle to its initial path. Band effecti
masses, scattering potentials, and other device paramete
those reported in Refs. 9 and 10. The effect of doping un
a metal–oxide–semiconductor~MOS! contact is accounted
for in the definition of the flat-band potentials that define t
offset between the Fermi levels of then11 polysilicon and
the doped Si layers.11 A fixed charge concentration o
1015 m22 has been assumed to be present in the oxide lay

In this article, the modeled devices are of the simpl
kind, that is, a region of selectively doped Si grown betwe
two SiO2 layers which serve as top and back gates to
device. The aim is to demonstrate that velocity modulat
can be achieved using Si as the basic material. The b
design for the simulated unstrained Si velocity modulat
transistor is shown in Fig. 1. The device resembles a s
channel field effect transistor, but the key difference is t
the device would be fabricated using the silicon-on-insula
technique which would allow the Si channel to be backga
by biasing then11 polysilicon in the substrate. Ideally, th

FIG. 1. Schematic for a possible Si based velocity modulation transisto
modeled in Sec. III. Simulations have been performed for devices in w
the compensated doping is placed under the top or back gate sides o
channel or it is some hybrid of the two extremes indicated above.
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back gate oxide layer should be pared to within 10 nm
maximize any depletion effect due to negative gate bias r
tive to the top gate, and therefore sweep carriers from
side of the channel to the other efficiently. The top ga
oxide thickness is 5 nm. Devices with different doping pr
files have been modeled—compensated doping has b
placed either under the top gate, above the back gate to
channel, or is a hybrid of the two extremes.

For these submicron devices to operate successfully,
ally three main constraints should be met.

~i! The carrier density modulation in the channel shou
be small in order to minimize charging/dischargin
time constants when switching the top and back g
biases.

~ii ! The gate biases, hence the lateral electric fields g
erated across the channel, must be large enoug
create two distinct low and high mobility conductio
paths within the channel.

~iii ! The drain–source bias should be large enough for
carrier drift velocity along the high mobility conduc
tion path to be maximized, but small enough for t
impurity-limited drift velocity in the low mobility
path to be a fraction of that at the high mobility~pure
Si! side.

This third point is illustrated by Fig. 2, which shows dri
mobility-field plots for electrons in pure bulk Si and i
heavily compensated Si at 77 K. The compensated Si is
the type used in the devices discussed in Sec. III~donor
density 231025 m23, acceptor density 1.9931025 m23!. At
moderate fields along the Si channel;105 V m21, it ought
to be possible to modulate the velocity by a factor of;4
from impurity scattering alone. Because ionized impur
scattering events are elastic and small scattering angles
favored, at high electric fields and carrier kinetic energ
this process has less impact on the electron mobility, he
the convergence of the two curves in Fig. 2.

From the outset, it is clear that a velocity modulatio
transistor of this kind would be most suitable as a fast, l
power device. The results of Sec. III suggest that succes
velocity modulation is limited to a small drain bias rang
over which charge in the channel can be well controlled. T

as
h
the

FIG. 2. Mobility-field curves forX-valley electrons in pure Si~solid curve!
and in heavily compensated Si~solid curve with symbols! at 77 K. The
impurity concentrations in the compensated Si are donor den
231025 m23 and acceptor density 1.9931025 m23.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 3. Demonstration of current switching for three devices of the k
shown in Fig. 1, at a lattice temperature of 77 K. The velocity modulat
transistors have a 0.1mm top gate length and a 0.08mm wide Si channel.
The devices differ in their channel doping profile. In~a!, heavily compen-
sated doping is distributed under the top gate, halfway into the channe
~b! compensated doping is placed above the back gate, again halfway
the channel. The doping level in both these cases is donor densi
31025 m23 and acceptor density 1.9931025 m23. In ~c!, a higher back-
ground density of electrons is maintained above the back gate in an e
to reduce capacitive charging at the back gate side of the channel whe
device operates in the low mobility mode. The simulation in~b!, was
carried out using a minimum of 4000 particles, but a minimum of 10
was used to generate~a! and ~c!. At times t,3 ps, the unbiased device
are shown converging to their steady state. Att53 ps, each device is
switched into the high mobility regime, with a drain–source bias of 0.3
and a top gate bias of 1 V. The back gate is unbiased. Att59 ps, the gate
biases are reversed, switching the transistor into the low mobility regi
This abrupt switching is repeated at 3 ps intervals. The small inset
toons show the distribution of electrons in the device att50,3,6,...15 ps
~unbiased, high mobility regime, low mobility regime, etc.!.
e

g
bu
p
re

th
o

ig
f o

ig
he
to

th

th

of
at
x
sed
V
s

; at
the
e

f

n.
te is
are

th a

ions
optimum device design also has to be a compromise betw
fast switching@low resistance–capacitance~RC! time con-
stant# and a large current modulation factor.

III. RESULTS AND DISCUSSION

Figures 3~a!–3~c! provide a comparison of the switchin
behavior of three devices which have similar geometry
different arrangements of the compensated doping. The
rameters and bias conditions which are common to all th
simulations are as follows. The Si channel thickness~back
gate oxide to top gate oxide separation! is 80 nm, and the top
gate extends 100 nm along the channel. The implants win
doping under the source and drain contacts are b
1024 m23 and extend half way into the Si channel. For F
3~a!, the device has compensated doping in the top hal
the channel not occupied by the contact implants~donor den-
sity 231025 m23, acceptor density 1.9931025 m23!. For
Fig. 3~b! the compensated doping is identical to that of F
3~a!, but instead this doping occupies the lower half of t
channel. The shorter current path through Si under the
gate serves as the high mobility side of the channel in
instance. The device of Fig. 3~c! is similar to that of Fig.
3~b!, but the doping in a layer 10 nm thickness above
back gate is less compensated for~donor density 2
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31025 m23, acceptor density 1.931025 m23!. Note the
greater background density of electrons in that for Fig. 3~b!.

Figures 3~a!–3~c! show the results of a sequence
simulations at 77 K with different bias conditions applied
3 ps intervals. At timet50, each device is allowed to rela
from an initial charge neutral state and it remains unbia
for 3 ps. At t53 ps, each device is switched on with 0.3
drain–source bias for thet53 – 15 ps. However, gate biase
are switched abruptly at 3 ps intervals. Att53 ps, 1 V is
placed on the top gate while the back gate is unbiased
t56 ps, the top gate is at 0 V and the bias applied to
back gate is 1 V, and so on.~Note: The gate biases ar
absolute, not relative, to the flat-band voltages.! The inset
cartoons in Figs. 3~a!–3~c! show the spatial distribution o
X-valley electrons in the Si channel att53,6,...15 ps.

Figure 3~a! is an example of poor current modulatio
The device is also the most capacitive; when the back ga
forward biased relative to the top gate, excess electrons
injected and populate the back gate side of the device, wi
time constant of at least 3 ps. Figures 4~a! and 4~b! show the
electric displacement currents at the gates for the simulat
of Figs. 3~b! and 3~a!, respectively. Figure 3~b! is capacitive,
but the turn on and the charging~discharging! times for
switching from the high to low mobility~low to high mobil-
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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ity! regimes are;1.5 ~1.0! ps. In addition, the current modu
lation factor is;3. Note that att59 ps when the device is
switched from the low to high mobility mode, there is
transient peak in the drain current~duration,0.5 ps!, due to
the expulsion of charge that occupied the back gate sid
the structure. Figure 3~c! shows an attempt to reduc
charging/discharging of the channel by having a higher ba
ground electron concentration at the back gate than for
device of Fig. 3~b!. Comparison of Figs. 3~b! and 3~c! shows
that, while the electron density modulation is reduced, th
is no obvious reduction in the switching time and it does le
to a reduced high/low drain current ratio of 2. Note th
longer time taken to establish stable field conditions at
back gate side of the channel in Fig. 4~b!.

Having described the basic switching action of the
velocity modulation transistor, Figs. 5–8 show some mic
scopic details of the more successful device illustrated
Fig. 3~b!. Figure 5~a! shows the conduction band profi
across the channel when a steady current flows through
top gate side of the channel~the drain–source bias is 0.3 V
the top gate bias is 1 V, and the back gate is unbiased!. Note
that the electric field along the top gate channel
;106 V m21 in this case. Figure 5~b! shows the band profile
for the device operating in the ‘‘low mobility’’ regime, with
1 V applied to the back gate and 0 V at the topgate. Note
that the steady drain–source electric field along much of
back gate side of the channel is also;106 V m21. Figures
6~a! and 6~b! show the steady state electron densities t
correspond to Figs. 5~a! and 5~b!. It is clear that charge is
switched satisfactorily from one side of the channel to
other. However, it is also interesting to note the small
significant background density of;1023 m23 electrons un-
der the contact doping at the drain end of the device
provides the principal path for electrons to leave the dev
when it is operating in the low mobility regime.

Figure 7~a! shows the electron flux along the source
drain direction~labeled thex axis! for the device operating in
the high mobility regime, with a peak flux at the drain end

FIG. 4. ~a!,~b! Electric displacement current at the top and back gates for
77 K simulations illustrated in Figs. 3~b! and 3~a!, respectively.
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the top gate approaching 2531028 m22 s21. In contrast, the
peakx-axis flux along the back gate side of the channe
;331028 m22 s21 @Fig. 7~b!#. They-axis flux~the back gate
to top gate direction! is also included@Fig. 7~c!#. Figures 8~a!
and 8~b! show the average kinetic energies recorded for e
trons detected at different positions in the channel, but so
care must be taken when interpreting these data. In Fig. 8~a!,
carriers are clearly heated as they drift under the top gate
a minority of electrons are heated up to the threshold
intervalley phonon scattering~;0.06 eV! and their final
wave vectors are randomized such that they follow a para
conduction path along the edge of the compensated sid
the channel. The average kinetic energy recorded under
drain contacts in Figs. 8~a! and 8~b! is small, close to the
average thermal energy at 77 K; this should not be in
preted as rapid cooling of the heated carriers by phonon s
tering, instead most electrons under the drain are ther
carriers neutralizing the charge of the ionized donor cent
Although the drain–source electric fields along the top a
back gate sides of the channel are comparable, clearly
compensated doping/rough oxide interface has some im
on the carrier mobility, because electrons drifting along
back gate side of the channel are less readily heated@Fig.
8~b!#. However, Fig. 8~b! also demonstrates that the heati
of carriers that are drawn across the channel from the bac

e

FIG. 5. Conduction band edge throughout the channel of the velocity mo
lation transistor illustrated in Fig. 3~b!. The device is shown operating in th
high mobility mode~a! with a drain–source bias of 0.3 V and and a top ga
bias of 1 V, and also in the low mobility regime~b! with 1 V applied to the
back gate and the top gate at 0 V.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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the top gate is comparable to that of Fig. 8~a!.
Further simulations have been carried out on the dev

of Fig. 3~b!. A range of bias conditions has been studied
an effort to predict the current–voltage characteristics for
device operating in the low and high mobility regimes, a
also the transconductance.

Figures 9~a! and 9~b! show current–voltage curves fo
simulations carried out at 77 K, with biases of 0.3–1 V a
plied to the back and top gates, respectively. Figure 9~c!
shows the ratio of the steady currents flowing in the high a
low mobility regimes as a function of drain–source bias. T
scattered points show the current modulation factor that
be achieved at moderate gate bias, while the solid cu
shows the higher modulation factor~i.e., more effective con-
finement to either side of the Si channel! that can be
achieved with a combination of a larger~1 V! gate bias and
a small~,0.2 V! drain–source bias. Estimates for the intri
sic transconductance in the high mobility regime@solid curve
in Fig. 9~d!# and low mobility mode@dashed curve of Fig
9~d!# have been calculated from the current–voltage cur
for the device.

Finally, Fig. 10 shows the simulated current switchi
behavior at 77 K for the device of Fig. 3~b!, which has com-
pensated doping, placed above the back gate, extending
way into the channel. The device is switched off~all metal
contacts are unbiased! during the intervalt50 – 3 ps, and

FIG. 6. Steady state electron density in the channel of the velocity mo
lation transistor illustrated in Fig. 3~b!. The device is shown operating in th
high mobility mode~a! with a drain–source bias of 0.3 V and and a top ga
bias of 1 V, and also in the low mobility regime~b! with 1 V applied to the
back gate and the top gate at 0 V.
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from t53 ps a steady drain–source bias of 0.3 V is appli
However, instead of alternating the top and back gate bia
between 0 and 1 V at 3 psintervals, in this simulation the
back gate is unbiased at all times, and only the top gat
switched between 0~low mobility mode! and 1 V~high mo-
bility mode!. Similar current characteristics were obtain
when the same voltage modulation procedure was simul
for a conventional MOS field effect transistor~MOSFET!
with the same gate and channel lengths.

u-

FIG. 7. Steady state electron flux in the channel of the device illustrate
Fig. 3~b!. The source–drain direction is labeled as thex axis and the back
gate–top gate direction is labeled as they axis. The device operating in the
high mobility mode and~b! and~c! correspond to the low mobility regime
The peak flux under the top gate of~a! is 10 times that at the back gate i
~b!. The drain–source bias is 0.3 V. The gate biases switch between 0
1 V.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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In comparing Figs. 3~b! and 10, it should be noted tha
the turn on and switching times into the high mobility mod
high drain current mode are the same,;1 ps. It is not clear if
the velocity modulation regime offers faster switching in
the low current ‘‘off’’ state, because the time taken to d
charge the channel in Fig. 10 matches the charging t
along the back gate in Fig. 3~b!. This is in spite of the fact
that carrier density modulation in the velocity modulati
regime is roughly half that for conventional top gate mod
lation; any reduction in the capacitive term of the RC tim
constant has been offset by the increased resistance o
current path along the back gate.

IV. SUMMARY AND FURTHER WORK

A Monte Carlo simulation has been used to demonst
drain current modulation in a Si velocity modulation trans
tor. Current switching between the top and back gate side
the Si channel is sensitive to the drain/gate bias conditi
and also to the doping profile in the channel. Rapid switch
~1–1.5 ps! between high and low electron mobility mode
can be achieved. There is significant charging/dischargin
the channel~.20% variation in channel charge densit!
when switched between the two modes, but this is sma

FIG. 8. Steady state electron kinetic energies recorded for different p
tions in the channel of the velocity modulation transistor illustrated in F
3~b!. ~a! The high mobility mode with 1 V applied to the top gate;~b! the
low mobility regime with 1 V on theback gate. Note the carrier heatin
under the top gate region of the channel in which the drain–source ele
field is the largest for both cases.
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than in the case of a conventional field effect transis
~;45%!. The results suggest that the basic device co
handle switching cycles of at least 300 GHz operating eit
in standard top gate modulation or in the velocity modulat
mode. The main obstacle to good device operation in
velocity modulation regime remains the predicted curr
modulation factor, typically 2–3, obtained from a combin
tion of heavily compensated doping and interface roughn

i-
.

ric

FIG. 9. Simulated current–voltage characteristics at 77 K for the dev
illustrated in Fig. 3~b! in the ~a! low and~b! high mobility regimes.~c! The
ratio of the steady currents recorded in the high and low mobility regime
quantity termed the ‘‘current modulation factor.’’ In~c!, the solid curve
shows the current modulation factor as a function of drain–source bias
the case of 1 V applied to the top or back gate. The transconductance for
intrinsic device operating in the high mobility~solid curve! and low mobility
~dashed curve! modes.

FIG. 10. Demonstration of current switching at 77 K for the device fi
shown in Fig. 3~b! with compensated doping placed above the back g
extending halfway into the channel. The device is switched off~unbiased!
during the intervalt50 – 3 ps. Fromt53 ps, a steady drain–source bias
0.3 V is applied, but instead of swapping the top and back gate bia
between 0 and 1 V at 3 psintervals, the back gate is unbiased at all time
and only the top gate is switched between 0 and 1 V. The same vol
modulation procedure carried out on the equivalent short-channel MOS
produced similar current switching behavior.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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scattering. For velocity modulation to have a speed adv
tage over top gate modulation, it is clear that a way mus
found to reduce the carrier density modulation still furthe

There is potential for improvement in device perfo
mance by including strained SiGe layers within the device
layer of compressive strained SiGe could provide a low m
bility channel for electrons since they would suffer allo
scattering and mainly occupyX4 valleys~half of which have
a large effective mass along the source–drain axis!. How-
ever, the larger heterojunction offset between Si and S
presented toX2-valley electrons could create current switc
ing difficulties if the electrons cannot readily tunnel betwe
the two valley types across a Si/SiGe heterojunction. A p
liminary simulation carried out on a design similar to th
reported here suggests little benefit to current modulat
but further investigation is planned. It would be better
have a device put down on a SiGe virtual substrate. T
would allow the possibility of a tensile strained Si chann
which offers the prospect of a high mobility conduction pa
for X2-valley electrons. The present difficulty with growin
such a device, however, is that of producing an appropr
back gate within 100 Å of the conduction channel in a Si
structure.
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