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Investigation of spurious velocity overshoot using Monte Carlo data
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For the simulation of state-of-the-art devices, hydrodynamic and energy transport models account
for nonlocal effects. Although these models have been available for several decades, there are still
unresolved issues. One of these issues is the occurrence of spurious peaks in the velocity profile
which are inherent to both Stratton[$hys. Rev.126, 2002 (1962] and Blaekjeer's [IEEE
Trans.Electron Deviced7, 38 (1970] models. We investigate the origin of these peaks by
introducing relaxation times, mobilities, and closure relations directly from a coupled Monte Carlo
simulator. From these simulations, we conclude that the spurious peaks are a direct result of the
truncation of the infinite moment series and the inaccuracies in the physical mode200©
American Institute of Physics[DOI: 10.1063/1.1405000

In the traditional drift—diffusionDD) approach, the car- already argued in Refs. 5 and 8, SVO is not likely to be
rier energy is assumed to be in equilibrium with the electriccaused by the mobility, alone.
field. Therefore, the DD model cannot predict nonlocal ef- A characteristic feature of moment based models is that
fects which occur in modern devices. Specifically, the overthe infinite hierarchy of moment equations has to be trun-
shoot in velocity is important to capture. Monte CafC)  cated to yield a finite number of equations. The highest order
simulations predict an overshoot in the velocity when the€guation now contains a next higher moment which has to be
electric field increases rapidly. This velocity overshoot canmodeled as a function of the lower-order moments. Nor-
be qualitatively captured by higher order moment basednally, a heated Maxwellian shape is assumed for the distri-
models which, however, tend to overestimate this effect. InPution function which has the property that the fourth-order
terestingly, these models also predict a velocity overshoomoment<822> is proportional to the square of the average
when the electric field decreases rapidly, e.g., at the end of &€y ()", The accuracy of this relationship depends on
channel in a metal—oxide—semiconductdtOS) transistor. the p05|_t|on in the_dewce. To ql_Jantlfy the accuracy of this
This velocity overshoot is not observed in MC simulations €XPression we define the kurtosis’ as
and thus termed spurious velocity oversh@8O). Al- 3 (e?)
though the influence of this effect on device characteristics is nTg ()2 @)

probably not very dramatic, we feel that a thorough investi- . . o
gation of its cause is indeed important for the basic underVhich equals unity for a Maxwellian distribution and para-
bolic bands. A plot of3,, inside ann*-n-n" test structure is

standing of moment based models. ) o ; . .
There has been an ongoing discussion in the literature o iven in Fig. 1 for a parabolic MC simulation. In the channel
n is in the rangd0.8, 1] and the error assumed by a Max-

the cause of this effect. One of the first speculations was . ; .
weakness in the energy-transp(T) model which is based wellian closure is probably not too dramatic. However, when
9y P the hot-channel carriers meet the large pool of cold carriers

on Blétekjeer's hydrodynamic modél. ET mczdels and in the drain,8, reaches values above 2. Interestingly, this is
energy-balanc¢EB) models based on Stratton's appro%lch exactly the region where the spurious velocity over-
are closely relatedwith the exception that the mobilities are

defined in a different way. This leads to an additional driving 25 . .
term in the current relation of the EB model which is pro-

portional to the spatial gradient of the mobility. This driving n

term can be reformulated and combined with the driving 2 |

term of the temperature gradient yielding a modified prefac-
tor of the temperature gradient. The modified prefactor is

frequently modeled as a constant and adjusted in suchaway « 1.5} ¢
that the SVO is minimized.It has already been pointed out Be

that this approach is questionaBlbecause the prefactor de-

pends on the dominant scattering process which in turn de- 1 A

pends on the doping and the applied voltages, and, therefore,
no unique value can be found. Another important factor that

) . . - 0.5 . ; . .
hag been attnbuFed to SVO is the modehng of the mobilities 00 01 02 03 04 05 06 o7
which are not single valued functions of the enetgyAs

distance [pm]

¥Electronic mail: grasser@iue.tuwien.ac.at FIG. 1. Fourth-order momerg, inside ann*-n-n* test structure is shown.
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FIG. 2. Electron distribution functions inside afi-n-n" test structure are  fig. 3. Velocity profiles with MC relaxation times for the two transport
shown. models are shown.

shoot occurs. This is confirmed when we look at the distrilose the ET model, thus resulting in a correct closure of the
bution function at the points A, B, and C in Fig. 2. For the four moments model. Furthermore, in one simulation, the
channel point A, the curvature of the distribution function is MC relaxation times were rep|aced by standard models,

smooth, reflected by a small value ﬁt,, whereas between name|y a constant energy relaxation t|(ﬁ§33 p3, a S|mp||-
the points B and C, the contribution of the cold drain carriersfied Hansch mobility model

increases while the high-energy tail relaxes slowly. Espe-

cially in these regions, the Maxwellian shape, which gives a (T.)= Ho
straight line in a semilogarithmic plot, is definitely a rather HTn 1+a(T,— T’
poor applro?qmatmn. e . and a constant mobility ratiges/w=0.8 whereug is the

To eliminate as many uncertainties as possible, we use r%obility of the energy fls,?
parabolic ET model because nonparabolicity effects can only
be approximately captured in the driving terfisEurther- 5 ké s q

C e . . . . 2
more, we assume the validity of the diffusion approximation ~ Sh==7 = ~#| V(NTyBn)+{ ~ENnT, |. ()]
which allows one to write the tensors as scalars and to ne- H B
glect the contribution of the kinetic energy to the average A comparison of these simulations with the MC values is
carrier energy. These approximations are very common andgiven in Fig. 4. With the MC closurandthe MC relaxation
will be re-examined later. In addition, we restrict ourselves totimes, the spike is completely removed whereas with the
the one-dimensional case, mainly because SVO is present §iandard models it is quite pronounced, despite the correct
one-dimensional simulations and two-dimensional effectslosure. This leads us to the conclusion that SVO is a result
like real-space transfer further complicate any discussion. Tof boththe closureandthe hysteresis in the relaxation times
remove the uncertainties in the relaxation time and mobilityand can probably never be completely eliminated using a
models, we coupled our device simulator MINIMOS-NT to a finite number of moment equations. However, as can be seen
MC simulator in a self-consistent manner where the potentiain Fig. 3, the error introduced by the closure is reduced when
distribution for the MC simulation was taken from the device the number of moments is increased from four to six.
simulator and the relaxation times for the device simulator ~ Figure 4 serves as a good test for the approximations
from the last MC solution. A large number of scattering introduced in the derivation of the ET and SM model.
events had to be processed to achieve smooth relaxation
times with a small variance to obtain convergence within the 1% 107
moments models. In addition to the ET model, we use our
six moments mod&l(SM) for comparison which retaing,,
as a solution variable and introduces a closurg(3). Due
to the existence of two carrier populations, the empirical clo- 9 x 106+
sure we employed fofe3) is most critical in the very same
region as the closure for the four moments ET mddel.

A comparison of simulated velocity profiles obtained
from the ET and SM models with MC results is given in Fig. 8 x 106}
3 which confirms that SVO is not caused by the mobility
alone, as the SVO spike is still observed using MC data for
all relaxation times. However, the SM model improves the
closure of the equation system which may be the reason for 7 x 10% 5 3 02 05
the reduced spike observed within the SM model. ' distance [um]. '

To further investigate this effect, another set of simula-
tions was performed using, from the MC simulation to  FIG. 4. Velocity profiles with MC relaxation times and closure are shown.
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Mainly, by employing the diffusion approximation, terms of with parameter values taken directly from MC simulations,
the form(u)®(u) are neglected againéu®u), one of the the spurious velocity overshoot remains in the velocity pro-
consequences being that the drift kinetic enargy(u)?/2 is  files but can be reduced by increasing the number of mo-
neglected again®z T, . This contribution is only relevant as ments. This leads us to the conclusion that SVO is a result of
long as the carrier temperature is low and the velocity is highboth the closure and the inaccuracies in the physical models
which is at the beginning of the channel in the velocity over-and can probably never be completely eliminated using a
shoot region. Indeed, a very small overestimation of the carfinite number of moments.
rier temperature is observed in this regidtfig. 4). This con-
Frlbutlon will gain more |mportancg when the channel length 1, Bldtekjeer, IEEE Trans. Electron Devicad, 38 (1970).
is reduced. Figure 4 stresses the importance of proper relaXer. stratton, Phys. Red.26 2002 (1962.
ation time and mobility models which influence the solution *T.-W. Tang and H. Gan, IEEE Trans. Electron Deviéds 1726 (2000.
inci - ; ¥D. Chen, E. Sangiorgi, M. R. Pinto, E. C. Kan, U. Ravaioli, and R. W.
inside the whole device whereas the influence of the closure ’ — ' ' P
L . Dutton, in Proceedings of the NUPAD IVIEEE, Seattle, Washington,
relation is strongest at the end of the channel and restricted LOTYP pp. 109114,
a relatively small region. 5T.-W. Tang, S. Ramaswamy, and J. Nam, IEEE Trans. Electron Devices
Spurious velocity overshoot has been attributed to sev- 40, 1469(1993. _ _
eral approximations introduced in the derivation of ET mod- G- Wolokin and J. Frey, iProc. NASECODE Vii(James & James Sci-
Is. We i tigated the two most dominant effects which ar ence Publishers, Vienna, 199%p. 107-108.
els. vve mve_s lgate ) € X 0 MOos 0_ ) ant eriects ' c _a €s.C. Lee and T.-W. Tang, Solid-State Electr8h, 561 (1992.
caused by inaccuracies in the mobility and relaxation time8m. Stettler, M. Alam, and M. Lundstrom, IEEE Trans. Electron Devices
models and by the truncation of the infinite series of mo- 40, 733(1993. _
ments. It has been demonstrated that accurate models for th ég?zsgg]')* H. Kosina, M. Gritsch, and S. Selberherr, J. Appl. F3gys.
mobilities and r"?‘laxatio_n tir_ne§ are of utmost importance toet Bordelon, X.-L. Wang, C. Maziar, and A. Tasch, Solid-State Electron.
reproduce velocity profiles inside the device. However, even 35, 131(1992.



