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Kinetic study of velocity distributions in nanoscale semiconductor devices
under room-temperature operation
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Quasiballistic electron transport in nanoscale semiconductor structures is investigated to clarify the
importance of scatterings under room-temperature operation as reflected in the velocity distribution
functions. The analyses are carried outriém-n* structures based on the semiclassical Boltzmann
transport equatiotBTE). It is shown that the number of electrons with negative velocity grows
exponetially due to scatterings around the top of the electronic potential barrier in the channel region
and, thus, the scatterings cannot be neglected even in nanoscale device structures. This is closely
related to the mathematical structure of the BTE whose solution exhibits the boundary-layer
structure. ©2004 American Institute of PhysiddDOIl: 10.1063/1.1812812

The channel length in the state-of-the-art metal-oxidesolved the BTE coupled self-consistently with the Poisson
semiconductor field effect transistordMOSFETY now  equation forn™-n-n* structures and found that the velocity
reaches the order of tens of nanometers which is nearly conglistribution function is greatly broadened due to scatterings.
parable to or even smaller than a typical mean free path athe device size considered in their work was, however, too
room temperature. Electron transport in such small transitarge to expect the ballistic limit. Furthermore, the physical
regions is, therefore, inherently nonstationary. Ballistic transorigin of the broadening in the velocity distribution function
port may be considered to be the extreme case of such nomas not clearly resolved.
stationary transport under strongly inhomogeneous struc- In the present letter, the velocity distribution function at
tures. Hence, the interests of ballistic transport under sucthe top of the electronic potential barrier in the channel is
small structures, whose possibility was, however, pointed ouexplicitly obtained by solving the BTE and directly com-
more than two decades aﬂ:]dnave been revived recently as pared with that assumed in the ballistic theory. It is shown
“pallistic MOSFETs.?™ In ballsitic MOSFETs, the channel that the velocity distribution function obtained from the BTE
electrons includinghot electrons backscattered from the always exhibits non-negligible electrons with negative veloc-
drain are assumed to cross the active region without scatteity at the top of the electronic potential barrier and that the
ing. The drain current is then evaluated by counting theassumption of the scattering-free channel is inappropriate
right- and left-moving electrons at the electronic potential€ven in nanoscale semiconductor structures. It is pointed out
barrier formed near the sourd&Ve denote it hereafter as the that this is closely related to the mathematical structure of
ballistic theory. Therefore, the shape of the electron distributhe BTE whose solution exhibits the boundary-layer struc-
tion function at the potential barrier plays a crucial role in theture.
current evaluation. In the ballistic theory, the distribution ~ In order to avoid the complications associated with the
function is assumed to be the combinationcofd Maxwell ~ geometry, the sample structure we consider is a one-
distributions at the source and drain because of completel§imensionah®-n-n* diode, which consists of a lightly doped
scattering-free channel. thin slab (we denote it by channglsandwiched with two

In reality, the channel could never be scattering free eveRighly doped thick regiongwe denote them by S and
under undoped channels because of defects and/or surfaBeregions. Figure 1 shows the schematic diagram of an
roughness. In addition and probably more importantly, en-
ergy dissipation is inevitable in the analyses of irreversible Electron Energy
transport characteristiéTherefore, transport properties in A
conventional devices have been customarily analyzed by L
solving the kinetic equation such as the Boltzmann transport SAd, A 7
equation(BTE). Recently, the effect of scatterings on ballis- | —
tic transport properties in nanoscale device structures has
been studied by numerically solving the nonequilibrium
Green'’s function with a somewhat phenomenological scatter-
ing model”® It has been pointed out that the scattering (¥ b x
greatly affects the current, although the details of how the
velocity distribution is different from that assumed in the
ballistic theory are not clarified. In fact, the significance of nt | n | n*
scatterings in electron transport under small device structures
had been already recognized by Baranger and Wilkins longiG. 1. Schematic diagram of ari-n-n* diode employed in this study and

before ballistic MOSFETs became the subje@hey have a typical energy diagram for electrons under an applied volt4geThe
position of the edges of highly dop€8 and D regions is denoted ag and

Xp, respectively. The position of the top of the potential barrier for electrons
3Electronic mail: sano@esys.tsukuba.ac.jp is denoted byx,.

"S" region Xs D "D" region L
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n*-n-n* diode and a typical energy diagram under an applied A R
voltageV,. We suppose that the donor densitis(x) in the 1
S/D and channel regions are??@nd 132 cn?®, respectively.
In addition, the electrons in the S/D regions are treated as
nondegenerate for the sake of simplicity. The length of the
highly doped regions is chosen long enough, compared with
the relaxation length, for the electron distribution function to
relax into the quasithermal equilibrium distribution.

Because the temperature is so high that the phase-
randomizing scattering is inevitablas we shall demonstrate
in this study, the present analyses are based on the semiclas-
sical BTE. We have followed the approach taken by
Baranger and Wilkirswith a few changes; We first solve the
Poisson equation and the drift-diffusion equation 0.1 b e —
self-consistently’ The BTE is then solved under the electro- 10 100
static potentiaV(x) obtained from the drift-diffuion calcula- Channel Length L, (nm)
t?ons. The (_;ollis_ion integral is treated with the relaxation_ . 2. Channel length dependence of the rafig,/v.y under V,
t'me approximation and, thus, the BTE under steady state 1S0.1, 0.2, 0.3, 0.4 V. The dashed line represents the exponential depen-
given by dence of the ratigxexp(-aL.)]. The relaxation times in the channel and

S/D regions are assumed to be 50 and 18 fs, respectively.
af(x,v) N e dV(x) 9f(x,v) f(x,v) = fed(X,0)
v — =- ,

x m* dx  dv 7(x) distribution functions. The distribution function is, however,
wherev is the velocity,m* (=0.322m,,m,: electron massis deformed as soon as electrons pass over the potential barrier
the effective masse is the magnitude of electronic charge, (X,=53 nm. In other words, the ballistic peak is not isolated
7(x) is the relaxation time, anéL(x,v) is the local equilib- ~ from the other velocity components and the distribution
rium distribution function given by the product of the elec- function is greatly broadened. This broadening is due to scat-
tron densityn(x) [=/dvf(x,v)] and the Maxwell distribution. ~ terings, although the electron’s path is much smaller than the
Notice that the relaxation time(x) in Eq. (1) is introduced ~mean free path. It is interesting to note that the distribution
as a function of positiorx. In the present calculations, the functions in Fig. 3 turn out to be very similar in shape to
relaxation time for the channel region is extracted from athose of Fig. 3 in Ref. 9, although the size of the present
typical mobility u, [=er(x)/m*] for bulk Si with Ny  diode is smaller by a factor of 27. o
=108 cm3 at T=300 K that is about 270 chV s and, Figure 4 is our main result and shows the velocity dis-
thus, assumed to be 50 fs. The relaxation time in highl ribution_function; obtain(_ed from the_ BTE qt the top of the
doped S/D regions where the short-range electron-electroff€ctronic potential barriex=x,) with various channel
scattering is most effective in relaxing the nonequilibrium!engths(L;=50, 30, 15 nm The equilibrium Maxwell dis-
electron distribution functions is assumed to be 18 fS, Whicﬁ,ribution and the distribution function assumed in the ballis-
is equivalent tou,=100 cn¥/V s. tic theory are also plotted with the dashed and dotted curves,

The current in the ballistic limit is evaluated by the num- respectively. Notice that the distribution function under the
ber of electrons passing through the top of the electroni®allistic limit is given by the hemi-Maxwellian and, thus, the
potential barrier(x=x,) per unit time by assuming that the number of electrons coming ballistically from the (Bght)
electron distribution functions at=xg andxp are given by ~ region is negligible. On the other hand, the velocity distribu-
the cold Maxwellians. Therefore, how close the device is to
the ballistic limit may be measured by comparing the aver- 1
aged electron velocity,;, evaluated from the BTE with that
vpan €valuated from the ballistic theory at the top of the po-
tential barrier(x=xp,). Figure 2 shows the ratioy;,/vpq as a
function of the channel length, under the applied voltages
V,=0.1, 0.2, 0.3, and 0.4 V. For comparison, the exponential
dependence of the ratipcexp(—al;) with a=constant is
also plotted with a dashed line. Indeed, the ratio exponen-
tially approaches the limiw,/vpa=1), asL. shrinks. How-
ever, we would like to stress that in spite of the fact that the
ratio is close to the ballistic limit, the physics behind the
electron transport is rather different from the simple story
based on the ballistic theory, as we show below. 0

Figure 3 shows a typical result of the electron distribu- L L
tion function f(x,v)/n(x) at various positions in the 543210123 45
n*-n-n* diode (L,=15 nm as a function of velocity normal- Velocity viv,,

ized with the thermal velocity, [=VksT/m*, kg: the Bolt- FIG. 3. Electron distribution functionsx,s)/nG at vari fion
— . . H . O, ectron aistrioution tunctuonsX,v)/n(x) at various positiongx

zmann constanfl (=300 K): the lattice temperatg}es_lnce =50,53,55,60,65 njnas a function of the normalized velocity vy, The

the electron mean free path in the channel region is arounghannel lengtit., (=x,-xg is 15 hm andv,=0.2 V. The top of the potential

10 nm, the ballistic electrons dominate in the shaEe of thearrier is located ax,=53 nm.
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changes very rapidf# The ballistic transport is just a solu-

081 ¢ -s50fs  pallisticlimit - tion in the outer region where the distribution function
. =181s i changes slowly and, thus, it breaks down in the boundary

06l 5’“’ 02V P L] layer region. This could be physically interpreted as follows.
a= "> — 50nm When electrons pass around the top of the potential barrier,

i ——30nm | their velocities could be indefinitely small. As a result, elec-
0.4+ —=—15nm trons spend longer time around the potential barrier and suf-

| Maxwellian fer scatterings. These electrons are, therefore, agitated and
thermalized so the number of electrons with negative veloc-
ity grows exponentially. Notice that they are not just the
backscattered electrons injected from thde®) region, but
rather they are the whole electrons with energy close to the
L band edge residing around the top of the potential barrier.
543210123435 This is why the velocity distribution obtained from the BTE

Velocity viv, always shows non-negligible electrons with negative veloc-

FIG. 4. Velocity distribution functi biained from the BTE at the top of ity. Full discussion on this point will be presented elsewhere
. 4. velocCity distribution tunctions obtained from the al e top O . . .
the potential barriefx=x,) for L.=50,30,15 nm undeW,=0.2 V. The with mathematical detaifs’ . . .
dashed and dotted curves represent the equilibrium Maxwellian and the [N Summary, we have investigated electron transport in
distribution function under the ballistic limit, respectively. nanoscale semiconductor structures by employing the the
semiclassical BTE. The direct comparison of the velocity

tion obtained from the BTE always exhibits non-negligible distribution functions obtained from the BTE with those of
electrons with negative velocity. Under the present framethe ballistic theory has been made. It has been shown that the
work of the relaxation time approximation, the negative-ballistic electrons are indeed crucial, but the scattering in the
component velocity at the top of the potential barrier is genchannel region cannot be neglected due to the boundary-
erated from the electrons’ flow from the Dight) region. layer structure in the solution of the BTE.
Since the number of electrons coming ballistically from the )
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