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Revision of the Standard Hydrodynamic Transport
Model for SOI Simulation

Markus Gritsch, Hans Kosindember, IEEETibor Grasser, and Siegfried Selberhé&ellow, IEEE

Abstract—Anomalous output characteristics are observed in 0.3
hydrodynamic simulations of partially depleted SOl MOSFETSs. ]
The effect that the drain current reaches a maximum and then 0.25 P et "
decreases is peculiar to the hydrodynamic transport model. It A+
is not observed in drift-diffusion simulations and its occurance 0.2 i ﬁos DD 1
in measurements is questionable. An explanation of the cause of E / Ny —mem SOI/MINIMOS-NT|
this effect is given and a solution is proposed by modifying the S 0.15 =4 R SOI/DESSIS
hydrodynamic transport model. — o1 / EAN

Index Terms—Device simulation, hydrodynamic transport / "“»f__\
model, numerical analysis, semiconductor device modeling, SOI 0.05 T
MOSFET. T ]
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I. INTRODUCTION Vps/V

SING the standard hydrodynamic (HD) transport modelg. 1. Output characteristics obtained by standard DD and HD simulations
for simulation of partially depleted SOl MOSFETS, aryerified by using two different device simulators.
anomalous decrease of the drain current with increasing drain—
source voltage has been observed (Fig. 1). <

The anomalous effect has been reproduced using the two dif-
ferent device simulators MINIMOS-NT [1] and DESSIS [2] and
can be explained by an enhanced diffusion of channel hot car-
riers into the floating body [3], [4]. It is believed that this de-
crease in drain current is an artifact because experimental data
do not show this effect, nor can it be observed when using the
drift-diffusion (DD) transport model. One exception is given in E
[5], where a weak decrease of the measured drain current of a ™
p-MOS SOl is reported.

However, applicability of the HD model to the ever down-
scaled devices is desirable, because in contrast to the DD
model it takes nonlocal effects into account. Empirical mea-
sures provided by DESSIS, such as weighting heat flow and
thermal diffusion, have only little influence on the current ———
drop. It is assumed that the anomalous current drop is a 003 000 003 006 009 012 0I5 018
consequence of several physical assumptions usually mia#dez Electron concentration in an SOl MOSFET obtained by HD and MC
in the derivation of the standard HD model. We presentS:ﬁmat,c,nS
modified HD model, which accounts for an anisotropic car-
rier temperature and a non-Maxwellian distribution function. [I. THE ANOMALOUS SIMULATION EFEECT
This new model is implemented in MINIMOS-NT and gives

The energy balance equation represents the main difference
proper results for partially depleted SOl MOSFETS. The a etween the HD and the DD transport model. The benefit of the
ditional model parameters are estimated from Monte-Car.

increased computational effort of solving an additional equation
(MC) calculations.
W|th the HD model is that the carrier temperature can differ from
the lattice temperature. Since the diffusion of the carriers is pro-
. . . . _ ortional to their temperature, the diffusion can be significantly
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Y When simulating SOl MOSFETS, this increased diffusion has
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HD model. As the most relevant assumptions, we consider the
approximation of tensor quantities by scalars and the closure of
the hierarchy of moment equations.
To relax these assumptions, we reconsider the derivation of
the HD equation set from the Boltzmann equation which reads
af
B TV Vel T BV, f = Q). 1)
Here, f denotes the distribution functiom,the group velocity,
sy, the sign of the carrier charge, thatis] for electrons and-1
for holes,q denotes the elementary char@gthe electric field,
and@ the collision operator.
Using the method of moments, the Boltzmann equation is
integrated ink-space against the following weight functiops

y/um
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Flg. 3. Electron concentration in an SOI MOSFET obtained by DD and Mpe yyeight functions are scalars for even orders and vectors for
odd orders. A single parabolic band is assundeg, k2 /2m.
1020 } 1 To express moments of the scattering operéothe macro-
T e e DD scopic relaxation time approximation is employed. This intro-
106 °°.%%° . ﬁ% . duces relaxation times for momentum, energy, and energy flux,
104 °°>~% which are denoted by,,, 7¢ andrs, respectively. As a result,
o 1012 o - the following moment equations are obtained:
Bl B
g 108 b o : (1) +V - (v) =0 2
10° | \ ] d)g:8t<8>+V-<V5>—squ-<v>:—M
104 i : N TE
102 N N SRS S " (3)
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Fig. 4. Electron concentration in a MOSFET at a vertical cut located in the Tm
middle between source and drain. E~ (vE)
@3 : V- A(veVvE) — sqE - <E(5+V®V> = (5)

of the pinch-off region have enough energy to overcome the en-
ergy barrier toward the floating body region and thus enter infdie symbols used afe) = [ f(k,r,) - &°k for the statistical

the sea of holes. Some of these electrons in the floating boakerage for the tensor product angifor the unity tensor.

are collected by the drain-body and source-body junctions, bufThe previous equation system is not closed as it contains more
most recombine. The holes removed by recombination causetimknowns than equations. The four state variables commonly
body potential to drop. A steady state is obtained when the bodlsed are

potential reaches a value which biases the junctions enough in 3 (&)

reverse direction so that thermal generation of holes in the junc- n =(1) §kBTn =0 (6)

tions can compensate this recombination process. The decrease

in the output characteristics is then connected to the drop of the In=—a{v) Sn=(ve). Q)

body potential via the body-effect. Note that this effect can on|y orqer to capture more realistically the phenomenon of hot
be observed in partially depleted devices. It disappears gradyrrier diffusion we close the equation set by assuming an

ally when changing the device parameters so as to make the ggsotropic temperature and a non-Maxwellian distribution
vice fully depleted. function.

[1l. M ODIFIED HYDRODYNAMIC EQUATIONS A. Anisotropic Maxwellian Distribution Function

In MC simulations, the spreading of hot carriers away from Permitting different temperaturés.,, 7,,,, 7. for the three
the interface is much less pronounced than in HD simulatiospatial directions leads to an anisotropic Maxwellian distribu-
(Fig. 4). If we assume that the Boltzmann equation does not ptn function of the form
dict the hot-carrier spreading and if the standard HD equations 3 )
derived from the Boltzmann equation do so, the problem must fu(k) = ”H b1 exp <_k_z2> d=x92 (8)
be introduced by the assumptions made in the derivation of the V2w o 20;
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with ¢ = kaTii/hQ. Asymmetry can be introduced by£&(k,, k., k.) all diagonal elements are equal. Therefore, the
shifting the distribution by some wave vectlr flux equations (4) and (5) simplify to
3 2
_n 1 (ki — Ki) J. =pnkn <v (nT},) + iEn> (17)
fom(k) = W H O'—i exp <—T‘3> NC) ) kg .
- — o (rvipey 4 2208
In the diffusion approximation, the displacement in momentum Sn=—7s <3V<U 8> + 2 m EnT") ' (18)

is assumed to be much smaller than the thermal momenturﬂ,  fourth orde?& . K T
that is K; <« o, such that a linear expansion of the shiftecT e moment of fourth ordef"£) remains as an unknown. To

Maxwellian distribution with respect té; /o, is justified close the equation set this moment needs to be approximated
as a function of the lower order moments. For a Maxwellian

N ke Ky kK, kK. distribution f; and parabolic bands the following, widely used
Fk) = fau(k) + < o2 o2 + 02 ) Fu(K)- (10)  (osure is obtained
1.2
Evaluating the statistical averages of the tensor products in <U25>M = Ek_BnTg_ (19)
(2)—(5) using the distribution function (10) results in diagonal 2 m
tensors. The resulting flux equations read In case of a non-Maxwellian distributiofiry;, we use the nor-

malized moment of fourth order

J,=— 1(1)) = q:: (V- (anT) + qEn) (11)

2
£
o L Ba = <—S>NM (20)
S,=- L <V-(n (3Tn+2T)T) {02y
m which gives the energy flux equation of the form
q ~
+ L nE (3T, +2T ) (12) -
ks ( ) S, = —S%B ps (ksV (nT23,) + ¢EnT,)  (21)

where the temperature tensor is denoted ﬁy
diagT,..T,,,T..). For the here considered paraboli
bands it can be easily shown that

é/vith a mobility defined byus = g7s/m.

C. Anisotropic Non-Maxwellian Distribution Function

T, = = (Tyw + Ty +152) (13) Now the changes in the flux gquauons resultmg.frqm t_he
3 anisotropy and the non-Maxwellian shape of the distribution

The carrier continuity equation and the energy balance equatfgAction are combined. Considering a generic space direction

are not affected by the anisotropy characterized by the unit vecteg we obtain
V-3, =qon (14) Jne =tin (kBVe (nTee) + qEen) (22)
V.S, =-— ngat (nT,)+E-J, — ngnT’%TL Sne=— g%’;us (kVe (nB:1ee®) + qE:n©) (23)
(15) o _3Tut 2Tk 0

5

The carrier temperaturg, defined by (6) is a measure of av-
] . . erage carrier energy. The diagonal component of the temper-
As a second effect, we investigate the influence of thgre tensor is given bisTie = (vepe). Off-diagonal com-

shape of the distribution function on the HD transport modglonents are neglected, is the normalized moment of fourth
The starting point is a generic, non-Maxwellian distributiogqer defined by (20). The solution variable is still the carrier
Sxu(€(k)). The diffusion approximation requires linearizatioRemperaturd;,, whereas the tensor components and the fourth-
for small displacement vectols order moment are modeled empirically as functiongpf

dfam By assuming an isotropic Maxwellian distribution, which re-
Iam(€(k = K)) =~ fam(E(k)) — 5z VK (16) sults inTz; = 7, andj, = 1, the conventional HD model is

. . .. obtained.
The two terms on the right-hand side represent the distribu-

tion function’s symmetric and antisymmetric parts, respectively. Temperature Tensor Modeling
Note that all tensor products in (4) and (5) are even functions - o

; o , The empirical model for the temperature tensor distinguishes
of k and hence their statistical average will depend only anetween directions parallek] and normal ¢) to the current
the symmetric parffxy. From the symmetries of (k), such densit
as&(—ky, ky k) = E(ky, ky, k=), it follows that the off-di- y
agonal elements of the statistical averages vanish. Without the 77, —~ T, Ty = 74T (25)
linearization performed within the diffusion approximation (16) T _T\>

< < T ) ) V=2, Y.

the symmetric part of the distribution function would be dif~,, (7;,) =, + (1 — y0,) exp
of invariance of¢ (k) to permutations such &k, k,, k.) = (26)

B. Isotropic Non-Maxwellian Distribution Function

ferent and the off-diagonal elements would be nonzero. Because
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T“/K Fig. 6. MC simulation of a 90-nm and a 180-nm MOSFET showing the
) . y-component of the temperature at the surface compared to the temperature
Fig. 5. Shape of the function used to modednd;3. T, nc from the mean energy. The analytidg), usesyo, = 0.6.

The anisotropy functions,(7;,) give 1 forZ,, = Ty, and an

asymptotic valuey,, for largeT;, (Fig. 5), ensuring that only 24 ‘ 8 !
for sufficiently hot carriers the distribution becomes anisotropic, 22 5"’MC l
whereas the equilibrium distribution stays isotropic (Fig. 6). 2 "
With respect to numerical stability the transition should not be 1.8 / \ I\
too steepTi.t, = 600 K appeared to be appropriate. The di- 16 I \ I \
agonal temperature for a generic directign= (cos ¢, sin ¢) & I k /
is obtained from the averade - e;p - ;) after neglecting the 1.4 I \ ,
off-diagonal terms as 1.2 [

1 D s >

Tiee = Ty cos” o + Ty sin® . (27) 0.8 Xjﬁ* > |/
08 50 0 50 100 150 200 250

E. Closure Relation Modeling

Another effect observed in MC simulations is that in most
parts of the device the high energy tail is less populated th&ia. 7. MC simulation of a 90-nm and a 180-nm MOSFET showing the
that of a Maxwellian distribution. Such underpopulation of th O”I"al'zfd mo'ﬁe”t of fourth orde#,, wc at the surface compared to the
o : ot nalytical3,, with 5o = 0.75.
energy tail is reflected by a value gf, < 1. Aiming at a model ’

only for the region wherg,, < 1 (see Fig. 7), a simple expres-
sion for 3,, has been assumed Parameter values were estimated from MC results obtained by

simulating MOS transistors using the MC code described in [6].
T, —Tp\ 2 As a first example simulations were performed on a device
Bn (Tn) =Po+ (1 —fPo)exp | — <T4> (28)  with an assumed effective gate-length of 130 nm, a gate-oxide
reh,f thickness of 3 nm, and a silicon-film thickness of 200 nm. With
a p-doping of Ny = 7.5 - 1017 cm—2 the device is partially
depleted. The Gaussian-shaped n-doping under the electrodes
has a maximum oNp = 6 - 10%° cm™3.

The functional form of3,,(Z,,) is identical to the one of the
anisotropy functiony,.(7;,) [cf. (26)]. Again, this expression en-

sures that only for sufficiently largg, the distribution deviates Fig. 6 indicates that, = 0.6 is a realistic value for

from the Maxwellian shape. the anisotropy parameter. Fig. 8 shows the influenceygf

The condition3, > 1 characterizes an overpopulation Ofth%n the output characteristics. By accounting for a reduced

energy tail as compared to a Maxwellian distribution. This SWe rical temperature it is possible to reduce the spurious current

ation occurs where channel hot carriers arrive atthe drain regi encrease, but only to a certain degree and by assuming a
and a mixture of hot and cold carriers exists. We assume that the i . . .

. o o . - 1alfly large anisotropy. MC simulations yield values close to
hot subpopulation existing in this transition region has only littl

. 2 e . f}o = 0.75 for the non-Maxwellian parameter in the channel
influence on the hot-carrier diffusion into the floating body. region (Fig. 7). This parameter shows only a weak dependence

on doping and applied voltage.

By combining the modifications for an anisotropic tempera-
The modified flux equations have been implemented in MINure and a non-Maxwellian closure relation the artificial current
IMOS-NT using a straight forward extension of the Scharfettedecrease gets eliminated (Fig. 9). Parameter values roughly es-

Gummel discretization scheme (Appendix A). Numerical stéimated from MC simulations can be used, exg,, = 0.75 and
bility does not degrade as compared to standard HD simulatiof#s. = 0.75. In the parameter range where the current drop is

IV. RESULTS
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Fig. 8. Output characteristics of the SOl obtained by anisotropic HBig. 10. Output characteristics of the “well-tempered” SOVat = 1 V.
simulations without closure modificatiom{ = 1).
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Fig. 9. Output characteristics of an SOI-MOSFET with analytical dopin
profile assuming an anisotropic temperatutg,( = 0.75) and a modified
closure relation at'gs = 1 V.

Eig. 11. Electron concentration in the “well-tempered” SOI obtained by a
standard HD and a modified HD simulation.

eliminated the output characteristics are found to be rather in- ! !
sensitive to the parameter values. 0.5 N\
When the modified model is applied to a body-contacted ISR
MOSFET, the difference in the output characteristic is only Z 0.5 ) \\ C
marginal compared to the standard hydrodynamic transport Zj 1 N T Aiiniinbtaiinl sttt
model. For example, using the valugs, = 0.6 and/3y = 0.75 3 5
leads to a maximum deviation of about 0.3% in the drain g-15 N - gg """ .
current within the bias range. -2 N S MHD
To verify the modified hydrodynamic transport model, a _95
second device has been investigated. Basically this SOI has _3 Dt S A
been modeled after the 90-nm “well-tempered” MOSFET [7] 0 0.05 0.1 0.15 0.2

using the doping profiles available online, including the super
steep retrograde (SSR) channel doping and source/drain halo.
To achieve a partially depleted device a substrate doping Rig. 12.  Vertical potential distribution in the “well-tempered” SOI obtained by
N, = 7.5-10'7 cm—3 has been assumed and the substra&” HP: nd modified HD simulations.
thickness has been limited to 200 nm.
By using the standard HD transport model the drop in tref the hot electrons is much more pronounced than with the
drain current is also present in this devigh & 1.0, 7o, = 1.0 modified one.
in Fig. 10). Applying the modified model using the same pa- By looking at the potential in the device at a vertical cut lo-
rameters as before the output characteristics obtain their norroated in the middle between source and drain (Fig. 12), the dif-
shape. The different order of magnitude of the drain currerfexyence between the standard HD model and the modified one
seen with Device 1 and Device 2 mainly stems from the rathisralso clearly visible.
high threshold voltage of Device 1. It appeared that in contrast to MOS devices the grid in the
The difference in the electron concentration is shown fitoating body region plays a crucial role to the stability of the
Fig. 11. In the case of the standard HD model, the spreadisighulation and the quality of the result. This is due to the fact
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E oo a, ] be written in a general form as
< 10 \;,- ]
= N5
108 .
N —— = = \V — Sp— LV
. i \ Co a1 7 P,
10 N
102 IS L .
10° with
0.05 0.1 0.15 0.2
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Fig. 13. Comparison of the electron concentration in a MOSFET at a vertical Tp Ing Cop = SkaNn (30)
cut located in the middle between source and drain obtained by simulations T T
using DD-, HD-, MC-, and the modified HD model. b =S et w= 713 n+ 2T
=Spe: v=n——"="""
J
5 k2
To =Teefn, Co = 57]3#5- (31)
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Assuming that the projected flux between two grid points
is constant and that the temperature associated to each flux
Ty varies linearly on the edge gives the following Schar-
fetter-Gummel-type discretization form of the flux

-0.15

—0.20
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x/um

Fig. 14. Electron concentration in a MOSFET obtained by simulations using [1]
the modified HD model compared to MC data.

that the drain current is very sensitive to the location of the po-[2]
tential drop in the floating region. )
The simulations that lead to Fig. 4 were repeated with the
modified HD transport model and the result obtained is shown
in Fig. 13. As can be seen, good agreement with MC data il
obtained (see Fig. 14). This confirms that the correction of the[s)
SOl output characteristics obtained with the modified model is
based on a corrected behavior of the electron distribution in the[G]
bulk.
[71
V. CONCLUSION
Standard HD simulations of SOl MOSFET give anomalous
output characteristics. To solve this problem, an improved HD
transport model has been developed. By including two distinct
moadifications, namely,

p—_Ce 2o o pyvy LB(-Y.) (32)
i)
In (?j)
—__\te/ 4
Yo =~ "\ <3b T AT@) )

where3(-) is the Bernoulli function.
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