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Abstract: In this article we present an advanced hydrodynamic model for studying the charge carrier transport in a wide 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 
is its great 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 devices in general and the MOSFET nano-devices in 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. 
 
Keywords: Semiconductor devices, Hydrodynamic model, Electron gas viscosity, Energy band structure. Electron gas 
viscosity, Surface mobility. 
 

 
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 a target of a lot 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 

effects, the convection transport of charge carriers and 
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 a list of references. 

 
 

2. Development Methodology 
 

We start 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 ψj(k), and integrating both sides over the 
whole wavevector space (k-space) of charge carriers. 

 డడ௧ ׬ ߰௝ ௩݂݀ଷ݇௞ + .௩ݑ௝ሺ߰׬ ߘ ௩݂ሻ௝݀ଷ݇ ௝߰׬++ ቀி� . ௞ߘ ௩݂ቁ ݀ଷ݇ 	= ௝߰׬ ቂడ௙௩డ௧ ቃ௖௢௟ ݀ଷ݇, 
(1a) 

 
where fv = fv(x,k,t) is the carrier distribution function 
in the phase space, which combines the physical space: 
x = [x,y,z]T, and the carrier wavevector space:  
k = [kx,ky,kz]T. The subscript ‘v’ stands for ‘n’ for 
electrons and stands for ‘p’ for holes. Also, uv is the 
carrier group velocity (uv = h-1dEv/dk), where Ev(k) is 
the carrier (conduction electron or valence holes) 
energy (band structure. Finally, F is the externally-
applied force, and, ψj = ψj(k) is a multiplier weight 
function. The resulting set of conservation equations 
has the following general form: 

 

 

డడ௧ ݊ൻ߰௝ൿ + .ߘ ݊ൻݑ௩ ⊗ ߰௝ൿ + ݊ ർி
�
. ௞ߘ ⊗⊗߰௝඀ 	= 	 ቂ డడ௧ ݊ൻ߰௝ൿቃ௖௢௟  (1b) 

 
Here, n is the average carrier density and the 

angular brackets <..> denote the statistical average 
over the carrier distribution function in the k-space 

 
 <ψ(k)> = ʆ z ψ(k) fv(x,k,t) d3k / n, (1c) 

 
where z = 2/(2π)3 is the density of states in the k-space, 
and n = ʆ z fv(x,k,t) d3k. Note that we put ∇k.F = 0 in 
the derivation of (1b) from (1a), which is true if the 
external force F is independent of k or when F is 
normal to k. Fortunately, this is the case for both 
electric field force (F = ±e ζ, with ±e being the charge 
for electrons, or holes and ζ is the applied electric 
field), and the Lorentz force (F = ±e vnxB, with B 
being the magnetic field density). This makes the 
HDM suitable for studying both conventional 
semiconductor devices and sensors, which employ (or 
measure) external magnetic fields. However, in most 
semi-conductor devices, F is usually due to the applied 
bias voltages, and therefore, F = ±eζ. The electric 
field, ζ = -∇�, and the electrostatic potential, �, can 
be found by solving the Poisson equation, using the 
device boundary conditions of applied bias voltages. 

 
 ∇. (-ε ∇φ + P) = e (p – n + Dop +Nt), (1d) 

 
where, ε is the dielectric constant, p is the 
concentration of holes, P is the material polarization 
vector, Nt is the density of traps and Dop = |Nd

+-Na
-| 

is the net concentration of ionized impurities in the 
semiconductor. 

Our proposed HDM consists of the first three 
moments of the BTE, with ψj = 1, the electron group 
velocity un and the electron energy En. For simplicity, 

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 vn) and average energy (ωn): 

 
 ∂n/∂t - ∇.Jn /e) = [∂n/∂t]col.., (2a) 

 

 ∂(nvn)/∂t +e n mn
-1ζ +∇. ne + 

+∇.(n vnvn) = [∂(nvn)/∂t]col, 
(2b) 

 
 ∂(nωn)/ ∂t +∇.Sn = ζ. Jn+ (∂nωn/∂t )col (2c) 

 
Here, n is the average density of conduction 

electrons, vn = <un> is their average velocity,  
�n = <En> is their average energy, and ne is the 
electro-kinetic pressure tensor of the electron gas. By 
definition, ne is a second-order central moment,  
such that: 

 
 ne = n <(un -vn )⊗ (un -vn )>, (3a) 

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

 
 n <un ⊗ un > = ne + n (vn ⊗ vn ) (3b) 

 
Also, Jn = -e n vn is the electron current density and 

Sn = <Enun> is the electron energy flux. The average 
collision terms, denoted by [..]col., at the right-hand 
side of the three moment equations (2a, b, c). Finally, 
mn is the average mass tensor of conduction electrons, 
whose inverse components are defined as follows: 

 
 mn

-1
(i,j) = <1/ħ2∂2En/∂ki∂kj> (3c) 

 
Note that mn 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, c). Actually, 
mn is taken as a physical parameter in our HDM, and 
is considered as a function of the average electron 
energy (mn = mn(ωn)). At low electron energy, near the 
conduction band bottom edge, we use the term mno 
whose value is determined experimentally. For 
instance, mno = 0.275mo in Si, according to the optical 
measurements of Sabbah and Riffe [12]. 

The electron current density (Jn) and energy flux 
(Sn) can be expanded into constitutive relations, from 
their definitions (Jn = -e n vn and Sn = <Enun>). We 
show the expansion procedure in section III, when we 
close the system of HDE’s. The average collision 
terms in the three moment equations (2a, b, c) 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 calculations need the knowledge of the electron 
distribution function in the phase space, fn(x,k,t). 
However, fn(x,k,t) is masked in the HDM development 
procedure. Therefore, we need some approximate 
closure conditions to close the system of HDE’s. 

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

• Carrier collision terms; 
• Relating the electro-kinetic pressure (Pne) to the 

carrier gas pressure (Pn) and the carrier 
temperature (Tn); 

• Expanding the expressions of the carrier 
current density (Jn) and energy flux (Sn); 

• Relating the average carrier energy (ωn), to the 
carrier gas temperature (Tn); 

• Modeling the heat flux term (Qn); 
• Modeling any higher moment terms (e.g., 

kurtosis flux and so on), if moments are greater 
than three. 

 
 

3.1. Collision Terms 
 

The collision term [∂n/∂t]col., which appears 
explicitly in the carrier density conservation equation 
(2a), can be expressed as follows: 

 
 [∂n/∂t]col. = - (n-no)/τn = - Un (4a) 

 
where τn is the lifetime of charge carriers and the net 
recombination rate (Un = Rn - Gn) combines all the 
recombination rate (Rn) and generation rate (Gn) 
mechanisms in the semiconductor. 

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

 
 [∂n/∂t]col. = - (n-no)/τn = - Un, (4b) 

 

(4b) 
 

 [∂nvn /∂t]col. ≈ - nvn /τmn (4c) 
 
The energy dependence of the energy relaxation 

time, τwn = τwn(ωn), 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 (τmn) is not directly employed in our 
proposed HDM, but rather replaced with the drift 
mobility (μn = eτmn/mn), whose model is introduced in 
section V-1. 
 
 
3.2. Definition of the Carrier Gas Pressure  
       and Temperature 

 
We presume the following relation between the 

electron gas pressure n and its electro-kinetic 
pressure ne: 

 n = mn ne (5a) 
 
In fact, the ideal gas theory defines the gas 

pressure, n, with a macroscopic (k-independent) mass 
density ρn = n mn, as follows: 

 
 n = ρn <(un -vn )⊗ (un -vn )> (5b) 

 
Nevertheless, for the matter of compatibility with 

previous HDM’s, where the electron gas pressure is 
given by: n = n <mn

*(un -vn )⊗ (un -vn )>, we introduce 
here a temperature correction parameter ( n): 

 
 n = mn ne n

-1 (6a) 
 
Therefore, we rather use the system closure 

condition: 
 

 ne = n mn
-1

n (6b) 
 
We also adopt the ideal gas law, n = n kB ,  

such that: 
 

 ne = n mn
-1

 n kB n (6c) 
 
The correction parameter can be simplified as the 

trace of the tensor n = mn ne n
-1, where we take the 

sum of diagonal elements: 
 

 gn(i,i) = mnii <uni -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 mn and τ�n. Fig. 1 shows 
the magnitude of the correction factor, according to 
Monte Carlo device simulation in the bulk of Si at 
300K [15]. 

 
 

 
 

Fig. 1. Variation of the correction factor gn and its trace 
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 (Jn), can be derived from its definition  
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(Jn = -e n vn), using the momentum conservation 
equation(2b), in steady state 

 

 
.ߘ ሺ ௡௘ሻ + .ߘ ሺ݊	ݒ௡ ⊗ ௡ሻݒ − ݁	݊	݉௡ିଵ. ࣀ ++ ቂడ௡	࢜೙డ௧ ቃ௖௢௟  (7a) 

 
Using the momentum relaxation time 

approximation (4c) and substituting μn = eτmn /mn and 
Jn = -e n vn, we get: 

 

 
Jn = e n μn

 ζ + μn mn ∇.Pne + 
+ n μn mn (vn.∇) vn 

(7b) 

 
Substituting the electro-kinetic pressure (Pne) from 

its closure condition (6d), yields 
 

 
Jn = en μn.ζ + μn.mn∇.(gn mn

–1 n kBTn) + 

+ n μn.mn(vn.∇)vn 
(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 (ߘ. ሺ݊	ݒ௡ ⊗  .(௡ሻݒ

 
 

3.4. Electron Energy Flux and Heat Flux 
 

For expanding Sn = <Enun>), and ωn = <En>, in 
terms of the electron temperature (Tn), we make use of 
the classical definition of electron energy En = ½ mn

* 
vn

2 and, therefore, apply the ideal gas laws. 
 

 Sn = Qn + vn(n ωn +Pn) = Qn + n vn (ωn +
+kBTn), 

(8a) 

 
with 

 
 Qn =  ½ mn

*|un–vn |2(un–vn) fn z d3k (8b) 
 
As the electron distribution function, fn(x,k,t), is 

not known (masked) in the HDM, the electron heat 
flux Qn is usually approximated, with drastic 
assumptions. The majority of previous formulations of 
the HDM, made use of the Fourier law of heat 
conduction to approximate the electron heat flux [16]: 

 
 Qn = -kn

th∇Tn, (9a) 
 

where kn
th 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 kn

th is 
usually modeled by the Wiedeman-Franz law at the 
electronic temperature [1]: 

 
 kn

th = γn (kB /e)2 Tn σn, (9b) 

where σn is the electrical conductivity due to electrons 
and γn is the Lorenz coefficient for electrons. 
According to the original Wiedemann-Franz 
formulation [16], γ  is given by [1]: 

 
 γn = 5/2 + r, (9c) 

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

In the our HDM, we rather utilize an advanced heat 
flux model, using the 3rd order moment of the  
BTE [16]. 

 

 
.ࡲ݊ ⟨½ ௡ଶݑ + ௡ݑ ⊗ ⟨௡ݑ ++. ሺ݊⟨ܧ௡ ௡ݑ ⊗ ௡⟩ሻݑ = − ௌ೙ఛೞ೙, (10a) 

 
where τsn is the energy flux relaxation time of 
electrons. The energy flux (Sn) in the above 
conservation equation may be then divided into two 
parts, namely; the convection energy part (due to Jn ) 
and the heat conduction part Qn: 

 

 Qn = -3/2 ( kB
2 /e) μsn βn (n Tn

 2) =  
=- kn (n Tn

 2), 
(10b) 

 
with 

 
 kn = 3/2 (kB

2/e) μsnβn (10c) 
 
Also, μsn is the energy flux mobility of electrons 

(μsn = eτsn/mn) and the beta factor (βn ) is defined  
as follows: 

 

 
βn = <En(un -vn )⊗  

⊗ (un-vn)> /ωn <(un -vn )⊗ (un-vn)> 
(10d) 

 
As shown in Figs. 2a and 2b, both βn and μsn 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 (Qn = - kn

th Tn
 ). Therefore, the 

thermal conductivity due to electrons in a 
semiconductor is given by: 

 

 
kn

th = 3 (kB
 2/e) n μsn βn) Tn =  

= 3 βn (kB
 /e)2 (μsn /μn)σn Tn 

(11a) 

 
This relation is equivalent to the well-known 

Wiedeman-Franz relation (kn
th = γn (kB

 /e)2 σn Tn), with 
the following modified’ Lorenz parameter (γn): 

 
 γn = 3 βn (μsn /μn) (11b) 

 
In the case of low electric field, where μsn = μn and 

βn = 1, we can easily find that γn = 3, which 
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corresponds to the classic Wiedeman-Franz relation 
(γn = 5/2+r). This indicates that our model of heat flux 
is more versatile than the Fourier heat flux model. It 
also illustrates one of the error sources when adopting 
the Fourier law of heat conduction in semiconductor 
devices, to close the set of hydrodynamic equations. 

 
 

 
 

Fig. 2a. Relative energy flux mobility (μsn /μn) in Si  
at 300 K. 

 

 
 

Fig. 2b. Heat flux beta factor 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), as well as the constitutive relations 
for the electron current density (7c) and energy flux 
(8a). Adding the quantum corrections [17], we  
can write: 

 

 
Jn = e n μn

 ζ + μn mn ∇.(gn mn
-1

 n kBTn) + 
+n μn mn (vn.∇) vn+Jnq, 

(12a) 

 
 Sn = Qn + n vn (ωn + kBTn), (12b) 

 
with 

 
 ωn = ½mnvn

2 +3/2 kB Tn+Vq (12c) 
 

The quantum correction potential (or Wigner 
potential [18]), Vq is given by: 

 

 ௤ܸ = �మ଼௠೙  ሺ݊ሻሿ, (13a)	ଶሾ݈݊ߘ

 
and the quantum current correction is given  
by [17]: 

 

௡௤ܬ  = −݁ ݊ ௡ߤ ቀ �మ଺ ௠೙ቁ . ߘ ቀఇమ√௡√௡ ቁ  (13b) 

 
 

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 
fields is vital in any transport model. In the DDM, the 
transport parameters are usually expressed as 
functions of the local 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]: 

௡ିଵߤ  ௡௢ିଵߤ	= ቂ1	+	 ఓnoe	n	௩೙మ ሾ௡ሺఠ೙ିఠ೚ሻఛഘ೙ ݊.࡭	+	 ++ .ܤ ሺ࢜.ሻݒ௡ + .࡯ nܶ +  ݉nሿቃ,  (14a).ࡰ

 
with 

 

 A = mn vn
2vn

, B = -n mnvn,  
C = 3/2 kB n vn

 mn D = mn
-1 �nnvn  

(14b) 

 
This model accounts for the non-local field effects 

on hot carrier transport, as well as other driving forces, 
due to gradient terms. In particular, the role of velocity 
gradients is 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 (τwnn ∂vny/∂ x). It is clear from this figure that 
the electron gas viscosity plays a fundamental role in 
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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Fig. 3. Variation of the drift mobility of hot electrons,  
as a function of the electron average energy, and at various 
values of the velocity gradient (τwn∂vny/∂ x) near the surface 
of an n-channel MOSFET device. The low-field mobility uno 
is assumed 1450 cm2/V.s. After Taha and Saba [19]. 

 
 

5.2. Energy-dependent Impact Ionization  
       Coefficient 
 

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

 
 Gii = αn | Jn/e| + αp |Jp/e| (15a) 

 
The impact ionization rate of electrons, α , can be 

modelled as follows [21]: 
 

 

௡ሺ߱௡ሻߙ =	= .௡௢ߙ	 ݌ݔ݁ ൭− ா೙಺�ሺఠ೙ିఠ೚ሻ൤ଵାሺഘ೙షഘ೚ሻആ೙ಶ೛� ൨	൱, (15b) 

 
where αno = (ωn-ωo)/(λn En

I), En
I = ηn En

th
,  

ηn = (vnτwn/λn) and En
th is the threshold ionization 

energy of electrons. Also, Eph is the optical phonon 
energy and λn is the mean free path between electron 
collisions (of all scattering modes). Likeτωn and mn, λn 
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: 

 

௡ሺ߱௡ሻߙ  ൎ .௡௢ߙ ݌ݔ݁ ቂ− ா೙಺ሺఠ೙ିఠ೚ሻ	ቃ  (15c) 

 
The above model is plotted in Fig. 3, and compared 

to other models. Unlike other models [21-25], the hard 
threshold energy (En

th) is replaced with a soft  
(energy-dependent) mean threshold energy (En

I) 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  
ωn -ωo = ½mn vn

2, there exists a certain probability of 
impact ionization. Therefore, the so-called  
low-voltage impact ionization, which was reported in 
the literature [25], is included implicitly in our model, 
via the convective energy. 

At warm carrier regime the convective energy  
(½ mn vn

2) is usually in the order of acoustic phonon 
energy, Eac, 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. 

 
 

 
 

Fig. 4. Electron impact ionization rate in Si at 300K,  
as a function of average electron energy, according  
to Baccarani-Stork model (λω = 500Å, λo = 65Å),  
Scholl-Quade model (τo = 14ps) and our model. In all 
models, the threshold ionization energy En

th = 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. This is primarily due 
to the inclusion of the convective part of the average 
electron energy (½ mn vn2). This convection part is 
descending from the tensorial product term (n vn vn), 
which is usually 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 (vn.∇) vn, which represents the 
acceleration / deceleration of electrons in the current 
density constitutive relation (4a), comes also from the 
divergence of this term∇.(n vn vn). In addition, the 
off-diagonal elements (vnj∂vni/∂ j, with i,j = x,y,z, i≠j)) 
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 note in 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 = gn Tn +2/3kBV+q (16) 

 
 

 
 

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 1014 cm.-3. 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 a reverse 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 a reverse bias of -500 V. 

 
 

 
 

Fig. 6. Carrier temperature distributions across the P-I-N 
diode at reverse bias of 75 V. 

 
 

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 
measurable 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 results are closer to the MC 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. Finally, 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. 

 
 

 
 

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