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Performance predictions for a silicon velocity modulation transistor
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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 Quin, 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
T=77 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 fa¢tie ratio of the steady drain currents for the
device operating in the high and low mobility regimesvhich decreases towards unity with
increasing drain—source bias. Such a device should work best for small electric fields along the
channel <10° Vm™1), the regime where impurity scattering has its greatest influence on the
electron mobility. © 1999 American Institute of Physidss0021-89769)05502-4

I. INTRODUCTION developed fabrication technology could facilitate the imple-
mentation of appropriate structures. The geometries of the
Sakaki originally proposed velocity modulation as amodeled Si devices are smaller than the GaAs devices de-
means of obtaining fast switching in a field effect transistorscribed aboveg~0.1 um gate length,~0.1 um longx0.1
by transferring electrons between high and low mobility um wide channel Such devices are not compact enough to
channels. The motivation for this approach is to remove obe true quantum transport devices and a semiclassical de-
reduce the capacitive limitation on device speed that arisescription of the transport should be applicable at tempera-
through modulation of the channel carrier density in a contures above 77 K. Monte Carlo simulations of the devices
ventional field effect transistor. Sakaki suggested the use dfave been carried out and the electron transport model is
GaAs/AlGaAs as the materials systeand a few GaAs de- summarized in Sec. Il. In Sec. lIl, results are discussed for
vices have been reported since tiénincluding the dual simulations of unstrained Si devices, showing how the dop-
channel high electron mobility transistéHEMT).* One ad-  ing profile and drain/gate bias conditions influence the de-
vantage of using GaAs is that low-temperature-grown GaAsyice operation.
with naturally occurring arsenic islands, can form the low
mobility side of the channel. These islands serve as scatter-
ing centers for electrons. In principle, these, along with ion-" MONTE CARLO MODEL
ized impurities, could yield a high/low electron mobility ra-  Superparticles that represent electrons in the ensemble
tio of 402 Monte Carlo simulation are described by nonparabolic ellip-
Kizilyalli et al. have modeled the operation of a GaAs/ spidal valleys in reciprocal space and obey classical statis-
AlGaAs velocity modulation transistor, which had a @ tics. Herring—Vogt transformations are used to map carrier
long gate and a channeldm long and 0.1um wide>® This  momenta into spherical valleys when particles are drifted,
simulated device made use of separate source and drain costattered, or cross heterojunctions. The electric field equa-
tacts to the high and low mobility sides of the GaAs channeltions are solved self-consistently with the electron transport,
Mobility modulation was achieved using compensated dopand the device grid potentials are updated at each ensemble
ing at one side of the channel. The predicted current modudrift timestep (1 fs). The electric field cell size is~5
lation factor which defines the “on” and “off” states of the x5 nn?. For these submicron transistors, 1000 electron su-
device was 1.6(It should be noted that a current modulation perparticles are sufficient to get a good idea of the current
factor of at least 10 is the requirement for a commercialswitching properties, but for the calculation bfV curves
device.” Although charge could be transferred across theand smooth switching characteristics an initial count of 4000
channel within 0.5 ps, it took rather longé8 ps for the  superparticles has been used. Electrons in bulk Si may be
drain current to reach a new steady state once the gate biasssattered by ionized impurities and by bulk acoustic and non-
had been switched. The simulated devices were driven bpolar optical phonon modes. Acoustic phonon scattering is
drain—source electric fields 10° V m™%; consequently the assumed to be elastic and the absorption and emission rates
velocity profiles along the undoped and heavily compensatedre combined under the equipartition approximation, which
sides of the channel differed by at most 25% at 300 K. is valid for lattice temperatures at and above 77 K. lonized
While interest has focused on GaAs, the motivation herémpurity scattering in doped and compensated regions of the
is to devise a terahertz transistor based on Si where the bettdevice is described using the screened Coulomb potential of
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FIG. 1. Schematic for a possible Si based velocity modulation transistor, asx 1?5 m~2 and acceptor density 1.991025 m™2.

modeled in Sec. Ill. Simulations have been performed for devices in which
the compensated doping is placed under the top or back gate sides of the
channel or it is some hybrid of the two extremes indicated above.

back gate oxide layer should be pared to within 10 nm to
maximize any depletion effect due to negative gate bias rela-
the Brooks—Herring model. The impurity scattering rate fortive to the top gate, and therefore sweep carriers from one
electrons with energ¥ in an ellipsoidal valley of nonpara- side of the channel to the other efficiently. The top gate
bolicity « is oxide thickness is 5 nm. Devices with different doping pro-
N.+N files have been modeled—compensated doping has been
= a’' 'd placed either under the top gate, above the back gate to the
8V2m* melep(1+2aE)[E(1+aE)]¥2 channel, or is a hybrid of the two extremes.
2 For these submicron devices to operate successfully, ide-
x| a?E2+ H%Eﬂ ally three main constraints should be met.

Rimpurity( E)

(i) The carrier density modulation in the channel should
be small in order to minimize charging/discharging
time constants when switching the top and back gate
biases.

(i)  The gate biases, hence the lateral electric fields gen-

erated across the channel, must be large enough to

create two distinct low and high mobility conduction
paths within the channel.

The drain—source bias should be large enough for the

carrier drift velocity along the high mobility conduc-

tion path to be maximized, but small enough for the
impurity-limited drift velocity in the low mobility

+aE[1+ aE(1+6)]In , (1)

_ 1)
E+1
£=1+1_2/4m* E(1+ «E) wherem* is the density of states
effective mass and_ ' is the reciprocal screening length
such thatl; 2=|N,— Ng|/€,eoksT. N, is the acceptor den-
sity andNy the donor density.

A very simple model for scattering particles off a rough ...
oxide layer has been included, although this is not listed as g”)
process in the scattering rate ladder. Instead, when a super-
particle is bounced off a rough heterojunction barrier, rather
th_an suffer a specular reflegtloq |_t_|s deflected back mto_the path to be a fraction of that at the high mobiligyure
Si at a random angle to its initial path. Band effective o

. ) . Si) side.
masses, scattering potentials, and other device parameters are
those reported in Refs. 9 and 10. The effect of doping under  This third point is illustrated by Fig. 2, which shows drift
a metal-oxide—semiconduct@OS) contact is accounted mobility-field plots for electrons in pure bulk Si and in
for in the definition of the flat-band potentials that define theheavily compensated Si at 77 K. The compensated Si is of
offset between the Fermi levels of tiné * polysilicon and the type used in the devices discussed in Sec(dtinor
the doped Si layers. A fixed charge concentration of density 2<10?° m™3, acceptor density 1.9910?° m~3). At
10* m~2 has been assumed to be present in the oxide layersoderate fields along the Si channell0® V m™%, it ought

In this article, the modeled devices are of the simplesto be possible to modulate the velocity by a factor-o4
kind, that is, a region of selectively doped Si grown betweerfrom impurity scattering alone. Because ionized impurity
two SiO, layers which serve as top and back gates to thescattering events are elastic and small scattering angles are
device. The aim is to demonstrate that velocity modulatiorfavored, at high electric fields and carrier kinetic energies
can be achieved using Si as the basic material. The basthis process has less impact on the electron mobility, hence
design for the simulated unstrained Si velocity modulationthe convergence of the two curves in Fig. 2.
transistor is shown in Fig. 1. The device resembles a short From the outset, it is clear that a velocity modulation
channel field effect transistor, but the key difference is thatransistor of this kind would be most suitable as a fast, low
the device would be fabricated using the silicon-on-insulatopower device. The results of Sec. Ill suggest that successful
technigue which would allow the Si channel to be backgatedelocity modulation is limited to a small drain bias range
by biasing then®* polysilicon in the substrate. Ideally, the over which charge in the channel can be well controlled. The
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drain transistors have a 0,m top gate length and a 0.Q8n wide Si channel.
The devices differ in their channel doping profile.(B, heavily compen-
sated doping is distributed under the top gate, halfway into the channel. In
(b) compensated doping is placed above the back gate, again halfway into
the channel. The doping level in both these cases is donor density 2
X 107° m~3 and acceptor density 1.8910°° m~2. In (c), a higher back-
ground density of electrons is maintained above the back gate in an effort
1000 , 1 | | to reduce capacitive charging at the back gate side of the channel when the
3 6 9 12 15 device operates in the low mobility mode. The simulation(ln, was

time (ps) carried out using a minimum of 4000 particles, but a minimum of 1000

was used to generate) and(c). At timest<3 ps, the unbiased devices
are shown converging to their steady state.tAt3 ps, each device is
switched into the high mobility regime, with a drain—source bias of 0.3 V
and a top gate bias of 1 V. The back gate is unbiased=& ps, the gate
biases are reversed, switching the transistor into the low mobility regime.
This abrupt switching is repeated at 3 ps intervals. The small inset car-
toons show the distribution of electrons in the device=a0b,3,6,...15 ps
(unbiased, high mobility regime, low mobility regime, etc.

current (A/m)

particle count modulation

optimum device design also has to be a compromise between10?> m—3, acceptor density 1:010°° m 3. Note the
fast switching[low resistance—capacitan¢RC) time con-  greater background density of electrons in that for Fig).3

stanf and a large current modulation factor. Figures 3a)-3(c) show the results of a sequence of
simulations at 77 K with different bias conditions applied at
Ill. RESULTS AND DISCUSSION 3 ps intervals. At timg=0, each device is allowed to relax

from an initial charge neutral state and it remains unbiased
{or 3 ps. Att=3 ps, each device is switched on with 0.3 V
Irain—source bias for thie=3—-15 ps. However, gate biases
gre switched abruptly at 3 ps intervals. &t3ps, 1 V is

Figures 3a)—3(c) provide a comparison of the switching
behavior of three devices which have similar geometry bu
different arrangements of the compensated doping. The p
rameters and bias conditions which are common to all thre , ! :
simulations are as follows. The Si channel thickndsack ~ Placed on the top gate while the back gate is unbiased; at
gate oxide to top gate oxide separa}its80 nm, and the top =6 PS, the top gate is at 0 V and the bias applied to the
gate extends 100 nm along the channel. The implantsmith Pack gate is 1 V, and so oriNote: The gate biases are
doping under the source and drain contacts are botAbsolute, not relative, to the flat-band voltageBhe inset
10%* m~2 and extend half way into the Si channel. For Fig. cartoons in Figs. @-3(c) show the spatial distribution of
3(a), the device has compensated doping in the top half oi-valley electrons in the Si channel &t 3,6,...15 ps.
the channel not occupied by the contact impladtnor den- Figure 3a) is an example of poor current modulation.
sity 2x10° m~3, acceptor density 1.9910°° m~3). For  The device is also the most capacitive; when the back gate is
Fig. 3(b) the compensated doping is identical to that of Fig.forward biased relative to the top gate, excess electrons are
3(a), but instead this doping occupies the lower half of theinjected and populate the back gate side of the device, with a
channel. The shorter current path through Si under the tofime constant of at least 3 ps. Figurgs)4and 4b) show the
gate serves as the high mobility side of the channel in thiglectric displacement currents at the gates for the simulations
instance. The device of Fig.(® is similar to that of Fig. of Figs. 3b) and 3a), respectively. Figure(®) is capacitive,
3(b), but the doping in a layer 10 nm thickness above thebut the turn on and the charginglischarging times for
back gate is less compensated f@onor density 2 switching from the high to low mobilitylow to high mobil-
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switched from the low to high mobility mode, there is a
transient peak in the drain currefoturation<0.5 p9g, due to
the expulsion of charge that occupied the back gate side of o &
the structure. Figure (8) shows an attempt to reduce
charging/discharging of the channel by having a higher backg|g. 5. conduction band edge throughout the channel of the velocity modu-
ground electron concentration at the back gate than for thetion transistor illustrated in Fig.(B). The device is shown operating in the
device of Fig. 8b). Comparison of Figs.(®) and 3c) shows high mobility mode(a) with a drain—source bias of 0.3 V and and a top gate
that, while the electron density modulation is reduced, ther:%'als of 1V, and also in the low mobility reginte) with 1 V applied to the
. . . . . . . . ack gate and the top gate at 0 V.
is no obvious reduction in the switching time and it does lead
to a reduced high/low drain current ratio of 2. Note that
longer time taken to establish stable field conditions at the
back gate side of the channel in Figh# the top gate approaching 23.0°® m™2s™%. In contrast, the
Having described the basic switching action of the Sipeakx-axis flux along the back gate side of the channel is
velocity modulation transistor, Figs. 5—8 show some micro-~3x 10?8 m~2 s [Fig. 7(b)]. They-axis flux (the back gate
scopic details of the more successful device illustrated irio top gate directionis also includedFig. 7(c)]. Figures 8a)
Fig. 3(b). Figure %a) shows the conduction band profile and 8b) show the average kinetic energies recorded for elec-
across the channel when a steady current flows through theons detected at different positions in the channel, but some
top gate side of the channghe drain—source bias is 0.3 V, care must be taken when interpreting these data. In k&, 8
the top gate bias is 1 V, and the back gate is unbjadéote  carriers are clearly heated as they drift under the top gate, but
that the electric field along the top gate channel isa minority of electrons are heated up to the threshold for
~10° V mtin this case. Figure() shows the band profile intervalley phonon scattering~0.06 eV} and their final
for the device operating in the “low mobility” regime, with wave vectors are randomized such that they follow a parallel
1V applied to the back gate drD V at the topgate. Note conduction path along the edge of the compensated side of
that the steady drain—source electric field along much of thé¢he channel. The average kinetic energy recorded under the
back gate side of the channel is alsd.0° V m™'. Figures drain contacts in Figs.(8) and 8b) is small, close to the
6(a) and Gb) show the steady state electron densities thatverage thermal energy at 77 K; this should not be inter-
correspond to Figs.(8 and 8b). It is clear that charge is preted as rapid cooling of the heated carriers by phonon scat-
switched satisfactorily from one side of the channel to thetering, instead most electrons under the drain are thermal
other. However, it is also interesting to note the small butcarriers neutralizing the charge of the ionized donor centers.
significant background density of 10°> m~2 electrons un-  Although the drain—source electric fields along the top and
der the contact doping at the drain end of the device thaback gate sides of the channel are comparable, clearly the
provides the principal path for electrons to leave the deviceompensated doping/rough oxide interface has some impact
when it is operating in the low mobility regime. on the carrier mobility, because electrons drifting along the
Figure 7a) shows the electron flux along the source—back gate side of the channel are less readily hegfay
drain direction(labeled thex axis) for the device operating in  8(b)]. However, Fig. 8b) also demonstrates that the heating
the high mobility regime, with a peak flux at the drain end of of carriers that are drawn across the channel from the back to
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FIG. 6. Steady state electron density in the channel of the velocity modu-
lation transistor illustrated in Fig.(B). The device is shown operating in the
high mobility mode(a) with a drain—source bias of 0.3 VV and and a top gate
bias of 1 V, and also in the low mobility reginip) with 1 V applied to the

back gate and the top gate at 0 V.

the top gate is comparable to that of Figa8

Further simulations have been carried out on the device
of Fig. 3(b). A range of bias conditions has been studied in
an effort to predict the current—voltage characteristics for the
device operating in the low and high mobility regimes, and

also the transconductance.

Figures %a) and 9b) show current—voltage curves for
simulations carried out at 77 K, with biases of 0.3—1 V ap-
plied to the back and top gates, respectively. Figuf@ 9
shows the ratio of the steady currents flowing in the high and
low mobility regimes as a function of drain—source bias. The!G. 7. Steady state electron flux in the channel of the device illustrated in
scattered points show the current modulation factor that ca
be achieved at moderate gate bias, while the solid curvgigh mobility mode andb) and (c) correspond to the low mobility regime.

The peak flux under the top gate @ is 10 times that at the back gate in
(b). The drain—source bias is 0.3 V. The gate biases switch between 0 and

shows the higher modulation factfre., more effective con-
finement to either side of the Si channdhat can be
achieved with a combination of a largér V) gate bias and
a small(<0.2 V) drain—source bias. Estimates for the intrin-
sic transconductance in the high mobility regifselid curve

for the device.
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Fig. 3(b). The source—drain direction is labeled as thaxis and the back
Bate—top gate direction is labeled as thaxis. The device operating in the

from t=3 ps a steady drain—source bias of 0.3 V is applied.
in Fig. 9(d)] and low mobility mode[dashed curve of Fig. However, instead of alternating the top and back gate biases

9(d)] have been calculated from the current—voltage curvebetween 0 ath 1 V at 3 psintervals, in this simulation the
back gate is unbiased at all times, and only the top gate is

Finally, Fig. 10 shows the simulated current switchingswitched between Jow mobility mode and 1 V (high mo-

behavior at 77 K for the device of Fig(l9, which has com-

bility mode). Similar current characteristics were obtained
pensated doping, placed above the back gate, extending halfthen the same voltage modulation procedure was simulated

way into the channel. The device is switched @fl metal for a conventional MOS field effect transist@MOSFET)

contacts are unbiasgdiuring the intervalt=0-3 ps, and with the same gate and channel lengths.
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FIG. 9. Simulated current—voltage characteristics at 77 K for the device
illustrated in Fig. &) in the (a) low and(b) high mobility regimes(c) The

ratio of the steady currents recorded in the high and low mobility regimes, a
guantity termed the “current modulation factor.” Ift), the solid curve
shows the current modulation factor as a function of drain—source bias for
the case bl V applied to the top or back gate. The transconductance for the
intrinsic device operating in the high mobilitgolid curve and low mobility
(dashed curvemodes.

Winetic energvm(me“

than in the case of a conventional field effect transistor
(~45%). The results suggest that the basic device could
handle switching cycles of at least 300 GHz operating either
- . _ in standard top gate modulation or in the velocity modulation
FIG. 8. Steady state electron kinetic energies recorded for different posi- de. Th : b | d devi . in th

tions in the channel of the velocity modulation transistor illustrated in Fig. mo e e mam_ o Sta(_: eto gOOI evice opt_aratlon in the
3(b). (@) The high mobility mode wh 1 V applied to the top gatéb) the ~ velocity modulation regime remains the predicted current

low mobility regime wit 1 V on theback gate. Note the carrier heating modulation factor, typica"y 2-3, obtained from a combina-
under the top gate region of the channel in which the drain—source electriﬁon of heavily Compensated doping and interface roughness
field is the largest for both cases.

In comparing Figs. @) and 10, it should be noted that 1000
the turn on and switching times into the high mobility mode/ drain
high drain current mode are the samel, ps. It is not clear if 500~ zero
the velocity modulation regime offers faster switching into
the low current “off” state, because the time taken to dis-
charge the channel in Fig. 10 matches the charging time
along the back gate in Fig.(l3. This is in spite of the fact
that carrier density modulation in the velocity modulation 1000 : :
regime is roughly half that for conventional top gate modu- 3 6 9 12 15
lation; any reduction in the capacitive term of the RC time time (ps)
constant has been offset by the increased resistance of the
current path along the back gate.

""""""" source

o0

current (A/m)

-500—

IV. SUMMARY AND FURTHER WORK

particle count modulation

A Monte Carlo simulation has been used to demonstrate
drain current modulation in a Si velocity modulation transis- _ o o
tor. Current switching between the top and back gate sides @G. 10. Demonstration of current switching at 77 K for the device first

. . .. . . .. own in Fig. 8b) with compensated doping placed above the back gate
the Si channel is sensitive to the drain/gate bias condltlon§xtendmg halfway into the channel. The device is switchedafibiased

and also to the doping profile in the channel. Rapid switchin@iuring the intervat=0-3 ps. Front=23 ps, a steady drain—source bias of
(1-1.5 p3$ between high and low electron mobility modes 0.3 V is applied, but instead of swapping the top and back gate biases
can be achieved. There is significant charging/discharging d}etween 0 ah 1 V at 3 psintervals, the back gate is unbiased at all times,

o L. . . and only the top gate is switched between 0 and 1 V. The same voltage
the Chan_ne|(>20@ variation in channel charg_e _den$|ty modulation procedure carried out on the equivalent short-channel MOSFET
when switched between the two modes, but this is smallegroduced similar current switching behavior.
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