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Abstract — A simple, physical view of carrier
transport in nanoscale MOSFETs is presented.
The role of ballistic transport, scattering and off-
equilibrium transport, and quantum transport are
illustrated by numerical simulation, and the
limitations of common approaches used fordevice
TCAD are examined.

I. INTRODUCTION

Recent work shows thaMOSFETs now operate
surprisingly close to their ballistitmits [1, 2]. In the
past, physicallydetailed simulations have led us to an
understanding ofthe hot carrier and off-equilibrium
transport effects such as velocity overshoot that ogoder
collision-dominated conditions [3-5]but to develop
nanoscaldMOSFETsand sound,physics-based models for
them, aclear understanding ajuasi-ballistic transport is
needed. Irthis paper weshow that the essentithnsport
physics as illuminated byletailed simulations, can be
understood in a&imple way, one that helps tmterpret
detailed simulations (and even detect errors irthem) and
that should prove useful ideveloping physically sound
models for nanoscale MOSFET's.

Figure 1 summarizes the essential physical picture.
Carriers are injectedinto the channel from a thermal
equilibrium resevoir (the source), acrospaentialenergy
barrier whose height is modulated by the gate voltage,
the channel, which begins at the top of thearier. The
beginning of thechannel is populated by carrigrgected
from the thermal equilibrium source. The density of
carriers atthe top of the barrier is set by MOS
electrostatics so that theharge inthe semiconductor
balanceshat in the gate. For devicewith low DIBL,
equilibrium, 1D MOS electrostatics apply at this point, so
the inversion layer density may be computed as a 1D MOS
capacitor. Above threshold,

q ns(o) = Cox (VGS - VT)’ @)

whereC,, is theeffective oxide capacitand@s influenced
by quantum mechanical confinementpolysilicon
depletion, etc.).

Some carriers injecteidito the channel backscatter and
return to the source; others flow out tthain andcomprise
the steady-state draircurrent, 1.  Assuming current
continuity, I, may beevaluated athe beginning of the
channel where the carrier density is known to find

b~ Wcux<U (O» (Ves - VT) ) (2)

Ec (%)

A
Fig. 1 The conduction bandedge vs. position from the
source to the drain of aanoscale MOSFET under
high gate and drain bias.

where <©(0)> is the averagevelocity of carriers at the
beginning of the channel. The maximum value o{®>
is approximately theuni-directional thermabelocity, vy,
becausehe positive velocitycarriers athe beginning of
the channelwere injectedfrom the thermal equilibrium
source[6, 7]. Backscatteringrom the channeldetermines
how close to this upper limit the device operates. Velocity
overshoot occursvithin the channeland determines the
carrierdensity profile, which, througliPoisson’sequation
sets the self-consistent profile through out teetire
channel.

Figure 2 is a fluid flow analogy for thtMOSFET
underhigh gateand drainbias. Carrier transport through
the drain end ofthe channel is rapid, becaus&rong
velocity overshootoccurs there. As aesult, the d.c.
current is controlled by howapidly carriersare transported
across ashort low-field region nearthe beginning of the
channel. Carriergiffuse acrossthe beginning of the
channelmuch the same way that thelffuse across the
base of a bipolatransistor,and they are collected by the
high-field portion of thechannelmuch as in thecollector
of a bipolar transistor. The length of the current-limiting
region at the beginning of the channel (which is set by 2D
electrostatics aifluenced by velocity overshoot within
the channel) is about one-mean-free path, which means that
a successful transport modalst describetransportunder
guasi-ballistic conditions. Most of the models in use
today, howeverwere developed undemwllision-dominated
assumptions. These models often fail tdescribe quasi-
ballistic transport in the current-limiting regiand can,
therefore, incorrectly predict MOSFET drain currents [8].
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Fig. 2  Afluid flow analogy for the MOSFETinderhigh gate

and drain bias conditions.

In the following sections, we usdetailed, numerical
simulations to confirm this basic physiqaicture and to
expand upon it.

II. BALLISTIC TRANSPORT

The transport physics of nanotransistors most is
clearly examined in the ballistic limit, but since current day
devices operate so close to thallistic limit, there is also
a practical motivation to examirthis limit. Ballistic I-V
curvesmay becomputed intwo differentways. The first
uses 1D calculations from  Schrédinger-Poisson
simulations [7]. Thesecondcombines 2D electrostatics,
which is essential foMOSFETs, and a 1D transport
model, which can be justified for thin-body SOI or for the
inversionlayer of aMOSFET. Figure 3 shows theelf-
consistentconductionband profile computed for arL =
10nm double gate SOl MOSFET
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Fig. 3 The computedself-consistentconduction band edge

vs. positionfor anL = 10 nm double gatéMOSFET
with t,, = 1.0 nm,t5; = 2.0 nm,and Vg -V; = 0.4V.
Results are shown for several different drain biases.

In Sec. |, we argued that tlaverage carrievelocity at
the beginning of thechannel wasthe uni-directional
thermal velocity,u;. Assuming that only onsubband is
occupied [7, 9],

‘\“ZkBTL 0 gl-/z(n) g
\ . n(l+e’)g

T

3

where n=(E. - E.)/k,T, and the factor in brackets
accounts forcarrier degeneracy arapproachesunity for a

nondegenerategas. (More generally, whenmultiple

subbandsare occupied, Schrddinger-Poissa@imulations
are needed.) Figure ghows theu; vs. ng characteristic for
the 10 nm DG SOl MOSFET. Note that sabthreshold,
v, =1.2x10°cm/s, but thatabove threshold, thearriers

become degenerate andhe thermal injection velocity
increases. Theswethe maximum velocities thatan be
observed athe source; thegxceedthe saturatedvelocity,

but the origin of this high velocity is muddifferent than
that of conventional velocity overshoot that occurstieep
electric field gradients. (Nevertheless, themest be strong
conventional velocity overshoot within the channel, or
these high velocities will not be observed near the source.)

Figure 5 is a plot of &(0)> vs. drain bias.Under low
bias, the averagevelocity is nearly zero because the
negative velocities of carriers injected from tirain nearly
cancelthe positive velocities of thosmjected from the
source. When thdrain bias exceeds dew kT/q, then the
negative velocitycarriers aresuppressedand the average
velocity approaches;. Note thatunder ahigh drain bias,
the carrier distribution at x = 0 has a highly
nonequilibrium, hemi-Maxwellian, shape. This is also
illustrated in Fig. 5, which shows the ratior, of the
negative flux to the positivélux. Note that the net
velocity saturates at; =1.7x10’ cm/s when thelrain bias

is large enough to suppresise injection of negative-
velocity carriersfrom the drain. This value is just the
thermal injection velocity shown in Fig. 4.

For low Vps the velocity distribution isnearly
symmetrical abouv, = 0, butunderhigh drain bias, the
distribution at thesourceassumes an asymmetrical, hemi-
Maxwellian shape. Imight appear, thereforehat ny0)
would be one-half ofts equilibrium valuegqg. (1). MOS
electrostatics, howevedemandthat chargebalance, so the
conduction band is pusheddown, more electrons are
injected from the source,and n(0) is maintained
approximately at the value given leg. (1). This barrier
lowering effect is seen in Fig. and aplot of <ng0)> vs.
Vps confirms that in a “well-tempered MOSFET,” which is
designed toelectrostatically isolate thelrain from the
source[10], MOS electrostatics maintain the inversion
layer charge atthe beginning of thechannel at an
approximately constant value(The sameeffect has also
been observed in 2D Monte Carlo simulations [11].)
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where 0 < < 1 is the fraction of théjected carriershat
backscatter and leave the channel. Well-designed
MOSFETSs currently operate with= 0.5 [2], so from eq.
(4) <u(0)> is about one-third of itBmit, but deviceswith

r =0.2 have been recentigported[1]. Note thatwhen
eg. (4) is insertednto eg. (2), we get a resulpresented
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1.28 earlier [6, 12].

i4 1 Since backscattering is what limits tbeve-current of

a MOSFET, so onehould understandwhat controlsr.

L e ] The model calculationslisplayed inFig. 6 addressthis
4= = — = - issue. Thermal equilibriumcarriers are injectednto a

L L i " 3 L 18 constant-field region and tracked by Monte Carlo
i simulation (we usedthe model of [13] with an ionized
impurity density of 3 x 18 cm® which produces a low

Fig. 4 The thermal injection velocity, vy vs. inversion field mean-free-path o£9 nm). The simulationseveal
layer densityng for the DG SOl MOSFET. that if carrierstravel more than aboutT/q down the

potential, then even if they do scatter, tlagunlikely to

emerge from the channel and contribute.t¢Price noted a
; similar effect some time ago [14]). These observations are
- T T T i supported bythe dataplotted in Fig. 6, which shows the
fraction backscattered vs. the maximum distancedngers
penetratednto the channel. The criticalistance, /, over
which the firstkT/q potential drop occurs isalso noted.
Note that when ahigh field is present, ~65% of the
backscattered carriers only penetrated to the fik$tq of
potential drop. These results show thatis most sensitive
to scattering in theso-calledkT layer, aneffect that is
closely analogous to the well-knovwBethe condition for
thermionic emission [15].

The backscatteringoefficient for afield-free slab of

length,L, is [16]
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Fig. 5 The average velocity at the beginning of ¢hannel where A is the near-equilibrium mean-free-pathWhen

vs. Vos folrz thi device of Fig. ,3' Forh',s gate an electric field is present, eq. (5a) must be modified to [6]
ng=5x10“cm”. Also shown is the ratior, of

negative to positiveflux, which is ameasure of the

anisotropy of the distribution (dashed line). r= ¢ (5b)
L+,
lll. SCATTERING assuming that /<L. Note that we use theear-
In a ballistc MOSFET, positive velocitycarriers equilibrium mean-free-path becausine scattering that
come from thesourceand negative velocitycarriers from contributes tor occurs inthe initial kT layer, before
the drain, but in a real MOSFET, scattering mixes the two  carriers have beersignificantly heated. Equation(5h)
streams. The result is thatu@)> is less thanu,. generally agrees well with Monte Carlo simulationdich
AssumingVys is greater than a fewT/q, then allnegative confirms that the near-equilibrium mobility is an important
Ve|0city carriers arise from backscatterin@nd one can physical parameter because it controls backscattering in the

readily show critical portion of the channel.)
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Fig. 6 The fraction backscattered vs. distangenetrated
into the channel. The channel is 50nm long with a
0V (dashed line) or 1V applied across it.

Another way to viewthis problem is in terms of
diffusion across theurrentlimiting region. Assuggested
by Fig. 2, carriersmust diffuse acrosghe initial low-field
part of thechannel beforghey are collected bythe high-
field portion of the channel, which is mearly perfect
absorber for those carriers that reéch This is theclassic
problem of diffusion across a thin base [17]. Htlearthat
in the limit that theregion is short, or that scattering is
weak, the maximumdiffusion velocity is thethermal
velocity, ur.

4. QUANTUM TRANSPORT
Quantum confinemenrdffects onthe threshold voltage
and gate capacitanceand quantum mechanicatunneling
currentsare now ratherwell understoodand techniques to
treat them insimulationsare available [18]. Innanoscale
MOSFETSs, however, thechannellength is approaching
dimensions thatare comparable tothe thickness of an

inverion layer, so the role of quantum transport along the

channel needs to be examined [19].

Figure 7 compare the ballistie/ characteristics of the
10 nm DG SOI MOSFET asomputed by classical and
quantum approaches. (The

most surprising is how small thdifferencesare, even at
10nm channellengths. One importanteffect isthe small
increase insubthreshold swing (from 66 to 7@V/dec)

which is due to quantum mechanical tunneling through the

source to channel barrier. The fundamental scdiing of
this device, which occur whencarrierstunneling directly
from source to drain, is apparently less than 10nm.
There is, of course, much moredonsiderwith regard
to transport at the quantum scalbut these simple

calculations show that the MOSFET is essentially a

classical device and that quantum interference effeetsiot
expected to be strong.

guantum  mechanical
simulations use a Green’s function method [20].) What is
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Fig. 7 Thelog(lp) vs. Vgg characteristics of the 10nm DG
SOl MOSFET as computed byctassical (dashed) and
guantummechnical (solid) simulatiorfor V, = 0.05

and 0.5V.

5. DEVICE TCAD

A critical issue now is to examine the validity of
TCAD tools developed inthe past for relativelylarge
devices tothe deviceswith nanoscale channé&ngths that
arenow beingdeveloped. Figure 8 comparessome drift-
diffusion simulations to ballistic simulations. As
discussed inthe previous section, classicahd quantum
transport models give vengimilar predictions. The
conventionaldrift-diffusion simulation predicts rather low
current becausethe velocity within the channel is
unphysically clamped at,, as shown in Fig. 9.
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Ip vs. \p for Vg = 0.5V for the 10 nmDG-SOI

MOSFET as computed bglassical ballistic,quantum

ballistic, drift-diffusion, and drift-diffusion with a

constant mobility.

Fig. 8
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Fig. 9 Averagevelocity vs. position aVg =Vp = 0.5V for
the 10 nm DGSOI-MOSFET. For reference, walso

show the conduction barngfrofile; the beginning of
the channel is at the top of the barrier.

For comparision, we also show the results of a DD
simulation with a constant mobility, so thatlocity
saturationdoes not occur. As shown inFig. 8, the
computed drain currerxceedghe ballisticlimit. It may
be thought that this result due tothe unphysically high
velocitesnearthe drain, whichareshown in Fig. 9. As
Fig. 9 shows,however, thereal problem is that the
velocity at the beginning of thehannel exceeds the
thermallimit, u;. Recall thatcarriers diffuse across the
low-field region at the beginning of the channel. In the
conventional drift-diffusion equation, there is no
mechanism tdimit the diffusion velocity to thethermal
velocity. The limitation arises from theonvective part of
the kinetic energy, which isgnored in most transport
models [21].

A proper treatment otarrier transport in nanoscale
MOSFETs must allow strong velocity overshoot within
the channel, but it must not allow the velocity eéxceed
the thermal limit at the beginning of the channé&nergy
transport modelsvere developed ttreathot carrier effects
and velocity overshoot, but they also ignore tbavective
part of the kinetic energy. As a resudnergy transport
models don’tenforce the thermal velocitylimit at the
beginning of the channeind they generallyover-predict
the on-current of a nanoscaldOSFET [8]. The
development of aransport modelthat works from the
diffusive to ballistic regimes is a majochallenge for the
modeling and simulation community [8].

VI. SUMMARY
We presented a simple view of the essential physics of
carriertransport in nanoscaOS transistorand showed
that in spite of the complex non-local transport theturs
in such devices, the physics that determinesstbady-state

current can besimply explained. With this conceptual
view, the uppetimit performance of a device iseadily
established, and the limitations of existing TCAD transport
modelsare clearly illustrated. This view shouldprove
useful in interpretingdetailed simulationsand in guiding

the development of nanoscale transistors and T@#ddels

for them.
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