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Abstract: In thisarticle we present an advanced hydrodynamic model for studying the charge carrier transport in awide range
of semiconductor devices and sensors. The proposed includes the true energy band structure of any semiconductor material
and its surface effects. The model has been compared with other transport models, and its primary results are accurate and
closer to the more complex approaches, such as Monte Carlo device simulation. One of the most salient features of our model
isitsgreat attention of the convection transport and velocity gradients of charge carriers. Therefore, it handles the electron gas
shear rate and viscosity near the rough surfaces of semiconductor devices. This is shown to limit the charge carrier mobility
near the surface of semiconductor devicesin general and the MOSFET nano-devicesin particular. According to our knowledge,
the electron/hole gas viscosity effects have not been treated yet in the literature of hydrodynamic modelling and simulation of
semiconductor devices and sensors.
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1. Introduction

The hydrodynamic model (HDM) of charge
carrier transport in semiconductors has gained a great
attention as a compromising approach between classic
and full quantum transport models [1]. In spite of its
wide spread in the semiconductor industry, as a
simulation tool, the HDM has been atarget of alot of
criticism [2-10]. To name a few, the exaggerated
electron temperature and velocity overshot in nano
devices, were reported [5-6]. According to many
authors the weak points of the early HDM are mainly
attributed to neglecting the band structure effects [7],
neglecting the convective part of the average carrier
energy [8], and the crude approximations which are
used to close the system of hydrodynamic equations
(HDE's) [8-10].

In this article, we introduce an advanced HDM,
which incorporates the semiconductor band structure

http://www.sensorsportal .com/p_3353.html

effects, the convection transport of charge carriersand
the semi-conductor surface effects. The article is
organized as follows. In sections 2, 3, and 4 we
introduce the proposed HDM and its development and
closure procedure. In addition, we present, in
section 5 some advanced models of the carrier-energy-
dependent physical parameters to be used with the
proposed HDM. In section 6, we present some results
of simulation and discuss their significance. We also
compare our results with Monte Carlo (MC) device
simulations. Finally, we present our conclusions in
section 7 and alist of references.

2. Development M ethodology
We dart the development procedure of the

proposed HDM from the general moment equation of
the Boltzmann transport equation (BTE) for the gas of
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charge carriers (electrons or holes) in a semiconductor
device [11]. The moment equation is simply obtained
by multi-plying the BTE by a physically-meaningful
quantity w(k), and integrating both sides over the
whole wavevector space (k-space) of charge carriers.

2 s fod®k + [ (. V) A%k +
ofv

+ 19 (5. 7h) d¥k = [ [Y]wld%,

(1a)

where f, = f,(x,k,¢) is the carrier distribution function
in the phase space, which combinesthe physical space:
x = [xyz]T, and the carrier wavevector space:
k = [kx,ky,kz]T. The subscript ‘,’ stands for *,’ for
electrons and stands for ‘,’ for holes. Also, u. is the
carrier group velocity (u, = h”'dE,/dk), where E, (k) is
the carrier (conduction electron or valence holes)
energy (band structure. Finaly, F is the externaly-
applied force, and, ¥ = (k) is a multiplier weight
function. The resulting set of conservation equations
has the following general form:

%n(z,bj) + V.n(uv ® 1,1)]-) + n<€.Vk ®

i (1b)
@) = [Znlw)] '

col

Here, n is the average carrier density and the
angular brackets <..> denote the statistical average
over the carrier distribution function in the k-space

<wik)> = [z wik) fi(x.kt) &k /n, (10)

wherez = 2/(2 )’ isthe density of statesin the k-space,
and n = [z fi(x,k,t) d&°k. Note that we put V..F=0in
the derivation of (1b) from (1a), which is true if the
externa force F is independent of & or when F is
normal to k. Fortunately, this is the case for both
electric field force (F = te ¢, with e being the charge
for electrons, or holes and ¢ is the applied electric
field), and the Lorentz force (F = e vxB, with B
being the magnetic field density). This makes the
HDM suitable for studying both conventiona
semiconductor devices and sensors, which employ (or
measure) external magnetic fields. However, in most
semi-conductor devices Fisusually dueto the applied
bias voltages, and therefore, FF = el The €lectric
field, { = - VI, and the electrostatic potential, 4, can
be found by solving the Poisson equation, using the
device boundary conditions of applied bias voltages.

V(e Vp+p)=e(@—-n+Dop+N), (1d)

where, ¢ is the dielectric constant, p is the
concentration of holes, P is the material polarization
vector, N, is the density of traps and Dop = |N;"-N,|
is the net concentration of ionized impurities in the
semiconductor.

Our proposed HDM consists of the first three
moments of the BTE, with i = 1, the electron group
velocity u, and the electron energy E,. For simplicity,
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we only write the first three moments of the BTE for
electrons, which represent the conservation equations
of the electron average density (n), average
momentum (or velocity v,) and average energy (w,):

on/ck - V.J, /e) = [On/Ot] cor.., (2a)

B0t +enm, ¢+ VP, + (2b)
+ V.(}’l Vi @Vﬂ) = [a(nvn)/at]coly

dnaw,)/ o +V.S,= { I+ (Onw/ok )eo  (20)

Here, n is the average density of conduction
electrons, v, = <u,> is their average velocity,
(1, = <E,> is their average energy, and P,. is the
electro-kinetic pressure tensor of the electron gas. By
definition, P,. is a second-order central moment,
such that:

P =n<(u,-v,)® (u,-v,)>, (33)

where the sign ® denotes the tensorial product of two
vectors. It worth notice that in we expanded the
generalized moment term n <u,, ® u,>, as follows:

I’l<un é()u;1>:.Pne+n(vn é()‘/'n) (3b)

Also, J, = -e n v, istheelectron current density and
S, = <E,u,> is the electron energy flux. The average
collision terms, denoted by /../..., a the right-hand
side of the three moment equations (23, b, ¢). Finaly,
m, iSsthe average mass tensor of conduction electrons,
whose inverse components are defined as follows:

ml iy = <I/WPE,/ ick;> (30)

Note that m, appears naturally in the mathematical
derivation of (2b) from the BTE moment equation
(1b), and doesn't mean that we adopt the effective
mass approximation (EMA) in the above set of
hydrodynamic equations (HDE'S). (2a, b, ¢). Actually,
m, is taken as a physical parameter in our HDM, and
is considered as a function of the average electron
energy (m, = m.(,)). At low electron energy, near the
conduction band bottom edge, we use the term m,,
whose value is determined experimentaly. For
instance, m,, = 0.275m, in Si, according to the optical
measurements of Sabbah and Riffe[12].

The electron current density (J,) and energy flux
(S») can be expanded into constitutive relations, from
their definitions (J, = -e n v, and S, = <E,u,>). We
show the expansion procedure in section 111, when we
close the system of HDE's. The average collision
termsin the three moment equations (23, b, ¢) are also
approximated in the next section.

3. HDM System Closure Procedure

The set of HDE's contains some unknown terms
(e.g., the electro-kinetic pressure and collision terms),
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whose cal cul ations need the knowledge of the electron
distribution function in the phase space, f.(xk,¢).
However, 1,(x,k,¢t) ismasked in the HDM devel opment
procedure. Therefore, we need some approximate
closure conditionsto close the system of HDE's.

The HDM system closure assumptions are mainly
about  approximating and  modeling  the
following items:

e Carrier collision terms;

o Rdating the electro-kinetic pressure (P..) to the
carrier gas pressure (P,) and the carrier
temperature (7,,);

e Expanding the expressions of the carrier
current density (J,,) and energy flux (S.,);

o Rdating the average carrier energy (w.), to the
carrier gas temperature (7);

e Modeling the heat flux term (Q.,);

e Modeing any higher moment terms (eg.,
kurtosis flux and so on), if moments are greater
than three.

3.1. Collision Terms

The collision term [oh/dk].,, which appears
explicitly in the carrier density conservation equation
(24), can be expressed as follows:

[o‘h/o‘)t]cul. =- (n-no)/Tn = - Un (4a)

where 7, is the lifetime of charge carriers and the net
recombination rate (U, = R, - G,) combines al the
recombination rate (R,) and generation rate (G,)
mechanisms in the semiconductor.

Because the lifetime of charge carriers is usualy
much greater than the energy and momentum
relaxation times, (7., << 7 << 7,), the collision terms
in (2b,c) are usually approximated as follows:

[an/&t]coﬁ =- (n'na)/z;z =- Una (4b)
[&vn /o‘)t]cul. ~-nyy, /Tmn (4C)

The energy dependence of the energy relaxation
time, 7., = Tw(®,), which implicitly includes the
energy band structure effects, can be obtained by MC
simulation in the bulk of a semiconductor [13] or by
measurement [14]. On the other hand, the momentum
relaxation time (z,,) is not directly employed in our
proposed HDM, but rather replaced with the drift
mobility (u, = e zu/my), whose model isintroduced in
section V-1.

3.2. Definition of the Carrier Gas Pressure
and Temperature

We presume the following relation between the
electron gas pressure P, and its electro-kinetic
pressure P,

Pn = mnPne (Sa)

In fact, the ideal gas theory defines the gas
pressure, P,, with amacroscopic (k-independent) mass
density p, = n m,, asfollows:

P,-p, <(u,-v,)® (u,-v,)> (5b)

Nevertheless, for the matter of compatibility with
previous HDM’s, where the electron gas pressure is
givenby: P, = n <m,"(u,-v,) & (u,-v,)>, weintroduce
here atemperature correction parameter (g,):

gl’l = mnPnePn-I (6a)

Therefore, we rather use the system closure
condition:

PVI(:‘ = gﬂ mn-IPn (6b)

We aso adopt the ided gas law, P, - n ksT,
such that:

P,.= -4 mn-J n kgT, (60)

The correction parameter can be simplified as the
trace of the tensor g, = m, P,. P, where we take the
sum of diagonal elements:;

8n(ii) = Muii <up; 'Vni)2> / <mnii*(uni 'Vni)2> (6d)

It can be, therefore, calculated by Monte Carlo
simulation [15] or modelled as a function of the
average electron energy, like m, and z-,.. Fig. 1 shows
the magnitude of the correction factor, according to
Monte Carlo device simulation in the bulk of Si at
300K [15].

1.06

(4b)

G paramatar

2 3 ] g ] T
Electric Field[E.] (Vicm) 10°

Fig. 1. Variation of the correction factor g and itstrace
versus electric field, as obtained by MC simulation,
in the bulk of low-doped Si at 300K [15].
3.3. Current Density Constitutive Relation

The constitutive relations of the electron current
density (J,), can be derived from its definition
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(J» = -e n v,), using the momentum conservation
equation(2b), in steady state

V.B)+V.(nv, ®v,) —enm;*.J+ 7
onwvy
+[ ]col

Jat

Usng the momentum relaxation time
approximation (4c) and substituting i, = €z, /m, and
J, =-envy,weget:

Jn =en ,uné‘+ ,un mpy V~Pne+
+ 1ty my (Vo V) vy (75)
Substituting the electro-kinetic pressure (P,.) from

its closure condition (6d), yields

J =enu .+ u.mV.(g,m ' nksT,) +
+npu.m©. Vv,

(7c)

The above constituent relations are similar to the
current density equations of the drift-diffusion model
(DDM), except for the velocity gradient (or
acceleration) and thermal diffusion terms. Note that
the velocity gradient term is vector of three
components and nine (3x3) terms, which results from
the expansion of (V. (n v, @ v,,)).

3.4. Electron Energy Flux and Heat Flux

For expanding S, = <E.u,>), and @, = <E,>, in
terms of the electron temperature (7,,), we make use of
the classical definition of electron energy E, = % m,"
v, and, therefore, apply the ideal gas laws.

S, =0 +tv(nan+P,) =0, +nv, (w +
+kBTn)a (8a)

with
Qn = /1/2 mn*|un_vn |2(uﬂ_vﬂ)ﬁlz d3k (8b)

As the electron distribution function, f,(x,k¢), is
not known (masked) in the HDM, the electron hesat
flux @, is usudly approximated, with drastic
assumptions. The mgjority of previousformulations of
the HDM, made use of the Fourier law of heat
conduction to approximate the electron heat flux [16]:

Qn = 'knth VTny (ga)

where k" is the electron thermal conductivity. This
law was originally developed for metals, where heat
conduction is primarily carried out by electrons.
Therefore, the electron thermal conductivity &,” is
usually modeled by the Wiedeman-Franz law at the
electronic temperature [1]:

knth = }'h (kB /8)2 T On, (gb)

52

where ¢, isthe electrical conductivity dueto electrons
and y is the Lorenz coefficient for electrons.
According to the origina Wiedemann-Franz
formulation [16], ¥ isgiven by [1]:

"h=2572+r, (9¢)

where the parameter » depends on the dominant
collison mechanism. The above treatment for
modeling the carrier heat flux term (Q,), using the
Fourier relation, leads to many problems in the
hydro-HD simulation of semiconductor devices[7].

Inthe our HDM, werather utilize an advanced heat
flux model, using the 3 order moment of the
BTE [16].

nF. (Y u2 +u, @ u,) +
+V (n(En Un ® un)) = - Sn (108.)

1
Tsn

where 7, is the energy flux relaxation time of
electrons. The energy flux (§,) in the above
conservation equation may be then divided into two
parts, namely; the convection energy part (dueto J, )

and the heat conduction part Q,:
Qn =-3/2 (kBZ/e) Msn ﬂn V(n Tn 2) =
=k V(nT,?), (100)
with
kn = 3/2 (ks’/e) tsnfn (10c)

Also, i, is the energy flux mobility of electrons
(4sn = etwm,) and the beta factor (8, ) is defined
asfollows:

B =<E,(u, -v,)®
& (Uy-vy)> /0y <(Uy -Vy) O (Up-vy)> (10d)

As shown in Figs. 2a and 2b, both £, and u;, can
be determined by MC simulation in the bulk of a
semiconductor [16]. When the carrier-concentration
gradient is negligible, the above formula may be
further reduced to a form similar to the conventional
Fourier relation (@, = - k" V T, ). Therefore, the

thermal conductivity due to electrons in a
semiconductor is given by:
th — 2 —
kn 3 (kB /e) n Usn ﬂn) T, (11a)

=3 B, (ks/e)’ (tsn /1) O Ty

This relation is equivaent to the well-known
Wiedeman-Franz relation (k," = y (ks /e)’ o, T), with
the following modified’ Lorenz parameter (J):

%= 3 B (Usn /M) (11b)

In the case of low electric field, where u;, = 1, and
B = 1, we can easily find that % = 3, which



Sensors & Transducers, Vol. 267, Issue 4, December 2024, pp. 49-56

corresponds to the classic Wiedeman-Franz relation
(%= 5/2+r). Thisindicates that our model of heat flux
is more versatile than the Fourier heat flux model. It
aso illustrates one of the error sources when adopting
the Fourier law of heat conduction in semiconductor
devices, to close the set of hydrodynamic equations.
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Fig. 2a. Relative energy flux mobility (isn /un) in Si
at 300K.
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Fig. 2b. Heat flux betafactor in Si at 300K.

4. Final Set of HDE's

The final set of HDE's consists of the continuity
equations of the carrier density (2a) and average
carrier energy (2c), aswell asthe constitutive relations
for the electron current density (7c) and energy flux
(89). Adding the quantum corrections [17], we
can write:

Jo=en i, &+ pymy V(2o my'n kgT,) +

1y My (Vi V) Vit g, (129)
S, =0, +nv,(an+ ksT,), (12b)

with
@, = Ymw,? +3/2 ks T,+V, (120)

The quantum correction potential (or Wigner
potential [18]), ¥, isgiven by:

_ %o
Vo = eV [in ()], (139)
and the quantum current correction is given
by [17]:
02 v2n
Ja = ~enun () V(57)  (@30)

5. Energy-dependent Physical Parameters

The transport properties of hot carriers under high-
field conditions are of great interest for high-power
and high-speed semiconductor devices. Therefore, the
accurate modeling of transport parameters at high
fieldsisvital in any transport model. In the DDM, the
transport parameters are usually expressed as
functions of thelocal electric field. Nevertheless, some
parameters such as the hot carrier mobility and impact
ionization rate involve some non-local and energy
exchange mechanisms that should better be expressed
as functions of the average carrier energy, rather than
the local electric field.

Fortunately, the solution of the HDM produces
such information about the average carrier energy and
permits to express these parameters in a physical
manner, in semiconductor devices.

5.1. Energy-dependent Hot Carrier Drift
Mobility

The electron drift mobility appears in the current
density constitutive relation (4a). It can be expressed
according to our advanced model [19]:

— - no ( n— n)
e e e R R B (149
+ B.(v. Wv, + C. VT, + D. Vim, ]|,
with
A = my vi’vy B =-nmyvy, (14b)

C=32kgnv,m, D=m," ,nv,

This model accounts for the non-local field effects
on hot carrier transport, aswell as other driving forces,
dueto gradient terms. In particular, therole of velocity
gradientsis depicted in Fig. 3, where the electron drift
mobility of Si is plotted versus the average electron
energy, at various values of the dimensionless
parameter (. vy/dx). Itisclear fromthisfigurethat
the electron gas viscosity plays a fundamental rolein
limiting the electron drift mobility near the surface of
the semiconductor (e.g., the top surface of an n-
channel planar MOSFET).
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Bulk and surface mobilities of electrons

(i

FElectron manility, gien and fia fem2/1
oo
=1
a

003 005 010 016 021 026 031 036 041 047 052
Eleciron average energy, o (eV)

Fig. 3. Variation of the drift mobility of hot electrons,
as afunction of the electron average energy, and at various
values of the velocity gradient (zw.dvn/dx) near the surface
of an n-channel MOSFET device. The low-field mobility o
is assumed 1450 cm?/V .s. After Taha and Saba[19].

5.2. Energy-dependent Impact lonization
Coefficient

The impact ionization is one of the generation
mechanisms of charge carriersin semiconductors. The
impact ionization phenomenon happens when
colliding electrons have enough energy to ionize
valence band electrons. The macroscopic impact
ionization rate Gy is usually expressed in terms of the
impact ionization coefficients of electrons and holes,
o, [20].

Gii = op | J/e| + o |J/e| (15a)

The impact ionization rate of electrons, «/, can be
modelled as follows[21]:

an(w,) =

_ 5} (15b)
= QApgo-€Xp | — (wn—wo)] ,
nEp

(wn—wo)[1+ p

where o, (o-w)/(A ESD, El = n, E™
M = (WTwlA) and E,” is the threshold ionization
energy of electrons. Also, E,; is the optical phonon
energy and 4, is the mean free path between electron
collisions (of all scattering modes). Likeza, and m,,, A,
can be expressed as a function of the mean carrier
energy, by MC simulation in the bulk of
semi-conductor.

At moderate average carrier energies, our impact
ionization model reduces to:

E}

(@) % @ng-exp [~ 2] (150)

The above model isplotted in Fig. 3, and compared
to other models. Unlike other models[21-25], the hard
threshold energy (E.") is replaced with a soft
(energy-dependent) mean threshold energy (E.7) in our
model. As shown in Fig. 4, this coincides with the
conclusions of Bude and Hess about the impact
ionization soft threshold energy [24].

At very low average electron energy, where
w, -, = %:m,v,’, there exists a certain probability of
impact ionization. Therefore, the so-caled
low-voltage impact ionization, which was reported in
the literature [25], isincluded implicitly in our model,
viathe convective energy.

At warm carrier regime the convective energy
(% m,v,?) is usualy in the order of acoustic phonon
energy, E.., and may be much larger in certain device
regions, due to velocity overshoots or ballistic
transport. Therefore, it can increase the total electron
energy above the threshold energy for impact

ionization in nano MOSFET devices, even at
low voltages.
|II?
10 I __,.._.--""‘""'.‘ R
— —
LT
- 10° T - i;-"' T
' Vvl
= ;o
5 ¢t ';’ g |0~ El-Saba Model (1993)
‘ o~ Baccarani-Stork {1690)
1"3 1
=t Scholl-Quade, 7,12 8 (1987)
107 0.5 1 15 2 25 3 3.5
@, )

Fig. 4. Electron impact ionization rate in Si at 300K,
as a function of average electron energy, according
to Baccarani-Stork model (1o = 5004, A, = 654),
Scholl-Quade model (7, = 14ps) and our model. In all
models, the threshold ionization energy E./" = 1.2 eV.

6. Results and Discussion

The Fig. 5 shows the hydrodynamic simulation
results of an N-I-N structure, representing the
source-channel-drain of an n-channel MOSFET. The
results are compared with those obtained by other
HDM's and MC device simulation. We note that the
exaggerated velocity overshoot has been suppressed
when using our proposed HDM. Thisis primarily due
to the inclusion of the convective part of the average
electron energy (% m, vn?). This convection part is
descending from the tensoria product term (n v, ® v,,),
whichisusually neglected in other formulations of the
HDM. Such formulations are sometimes referred to as
the energy-transport models (ETM). In fact the
velocity gradient term (v,.. V) v,,, which represents the
acceleration / deceleration of electrons in the current
density constitutive relation (4a), comes also from the
divergence of thisterm V.(n v, ® v,). In addition, the
off-diagonal elements (v,;bn/dj, withi,j = x,y,z, i#))
of the velocity gradient term, which appear in the
electron mobility expression (14), are all about the
electron gas viscosity. Therefore, keeping the
convective transport components in our HDM is vital
to capture many physical effects of the electron gas.
Also, we notein Fig. 5 that the results obtained by our
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HDM have more reasonable values of the electron
temperature near high-field region, which are closer to
MC simulation results. In fact, we can define an
effective electron temperature, which combines the
band structure and quantum corrections as follows:

Tnm =8n Tn +2/3kBV+q (16)

Electron mean velocity Va (x 107 cm/s)

Distance (microns)

Fig. 5. Average electron velocity distributions across
an N-N-I-N structure, according to our model and other
models and Monte Carlo device simulation.

In another investigation of the proposed model, we
simulated the bipolar transport of hot carriers across a
two-dimensional reverse-biased P-I-N diode, The
diode has a central (I) region of 64 um and uniform
doping of 10* cm3. Here, the conservation equations
of carrier densities and average energies (for both
electrons and holes) are solved with Poisson's
equation. The Fig. 7 shows the electron and hole
temperature distribution in 2D, under areverse bias of
75 V. The surface effects are obvious near the upper
surface of the diode Also, Fig. 6 show the energy flux
distributions of electrons and holes of the same diode
under areverse bias of -500 V.

Ty(K)

Fig. 6. Carrier temperature distributions across the P-1-N
diode at reverse biasof 75V.

7. Conclusions

In this paper, we proposed an advanced HDM for
semi-conductors with arbitrary band structure and
including electron gas viscosity and surface effects.
There exists a few number of energy-dependent

parameters, which can be determined by full-band MC
simulation in the semiconductor of interest.
Fortunately, almost all the model parameters are
messurable physical quantities. In particular, the
energy relaxation time captures the energy band
structure and the dominant scattering mechanism, near
the surface of semi-conductor [27]. The model has
been appended with other transport models. The
primary resultsare closer to the M C device simulation.
For instance, the over-estimated electron velocity
overshoot in nano-devices, has been relatively
suppressed. The role of electron velocity gradients is
emphasized and the underlined electron gas viscosity
is therefore considered. The electron gas viscosity
effects are particularly important to justify the
mobility reduction near the surface of semi-conductor
devices. Findly, the authors would like to attract the
attention to the vital role of electron gas viscosity
effects in semiconductor device modelling, which we
think not reported yet in the [28]. Of course, more
investigations about the proposed HDM and more
comparisons with other approaches are required.

0.0010
- . v/‘:/__'_— .-._\\' -
] 1 ) 1 1 1 o 1
1 1 ? I St b —
_ 0.0005 - L ! 4 . ' : 1[ :
~ - pets . + - - s
£ — S — — — -
i T GO
a 0.0
“w
&
w
»
3
T -0.0005
3
£
w
-0.0010
-0.0015
o 10 20 30 40 50 60 70 80 90 100

X {micron)

Fig. 7. Energy flux of electrons and holes along the P-1-N
diode at 500 V reverse bias.
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