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Abstract - A simplified hydrodynamic model for 
impact ionization (11) is developed. The model is 
based on the average energy of hot electron subpopu- 
lation (HES) which is believed to be more relevant to 
the I1 than the average energy of total electron popu- 
lation (TEP). By solving this simplified HD model, I1 
coefficient is calculated only as a function of the av- 
erage energy of HES. The model is easily applicable 
to 2-D by exploiting the current flow line approach. 

I. Introduction 

In order for any hydrodynamic (HD)  model to  be 
useful as a n  engineering simulation tool, it should be 
easily implementable  and produce reasonably accura te  
results within acceptable computa t ion  time. Although 
a t t e m p t s  have been made  t o  construct  a hot electron 
subpopulat ion (HES)  HD model by taking the first few 
moments  of the Boltzmann t ranspor t  equation ( B T E )  
[1],[2], application of the model to  a realistic s i tuat ion 
such as modeling of 2-D M O S F E T  devices encounters  
some difficulties. This  comes primarily from inability 
to determine the correct boundary  conditions for macro- 
scopic variables because of scarcity of HES electrons a t  
Ohmic  contacts. 

In this work, a fur ther  simplification of the previous 
works [l], [2] has been made  to  result in a HD equat ion 
consisting of the average energy of HES only. By solving 
this simplified HES HD equat ion,  the I1 coefficient, a, 
is obtained only as a function of w2 = (e)c,rth, For the  
appl icat ion of the model to  realistic M O S F E T  devices, 
the flow line approach [3] can be utilized to  obtain 2-D 
profiles of a. 

11. The HD Transport Equation for Hot 
Electron Subpopulation 

The derivation of the simplified HE5 HD equat ion 
s ta r t s  with the following three conservation equat ions for 
the  HES electrons obtained from the B T E  [l]: 

v . ~ ~ - @ . ~ ~ ~ = ~ ~ c ~ ~ ,  (1) 

- , +  
where n2 = J C 2 . , f ( W 3 k ,  I 2  = n z h ,  v, = ( i i ) r2r th '  

0 2  = (" ' t"~)c ,c ,h , ,S ,  = ( ~ ~ ) c ~ . t h ,  x", = $ $e=,,h f,-dzk, 

(hIC^I~I,, i i)e,L,hI - a n d  @ = -sB. 
X p z  = $ hi fLdgk ,  Cn, = (I EL 6t ~ c o l l ) ~ ~ ~ ~ ~ ,  = 

T h e  Monte  Carlo (MC) d a t a  for inhomogeneous sim- 
ulation indicate  t h a t  the HES carrier velocity, &, is fairly 
constant  for the region where I1 is noticeable [2]. Since V, 
is nearly cons tan t ,  we can bypass Eq.(2). T h e  dependent  
variables are now reduced from nz,  G,  and w2 to  1 2  and 
w2. Also note  t h a t  S2 can be approximated by S2 N V2w2 
as was described in [l]. Rewriting n2S2 as j2wz and ex- 
panding V - (;2w2) = (V . i2)w2 + ( 1 2  . V)w2 ,  Eq.( l )  and 
( 3 )  can be combined to  yield 

-, 4 -  - -  

2- where U = -.k and -y=, = ,.L 
l i 2  I l i z l  . 

If we fur ther  assume t h a t  -yn2,Cw2, and C,, can be 
expressed as a function of w2 and its spat ia l  derivatives, 
i.e., 

we then obtain:  

In the 1-D case, Eq.(7) becomes 
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where A,, = kl(w2)(w2 - et,,) + Fgl(w2) and F = I  F' 1. 
T h e  physical in te rpre ta t ion  of Eq.(8) is very clear. 

T h e  reciprocal of ko(w2)  represents  t h e  wz-dependent 
mean-free-path length [3] for HES's and  [l - go(wz)] rep- 
resents a modification factor t o  F because there  is parti- 
cle(and hence also energy) exchange between the  low- 
and high-energy electrons in the  two-population HD 
model  111. T h e  parameter  A,, characterizes the devia- 
tion of the inhomogeneous M C  d a t a  from t h a t  of the ho- 
mogeneous one, depicting the  highly non-local and non- 
equilibrium n a t u r e  of t h e  high-energy electron distribu- 
tion. 

T h e  newly derived simplified HES HD equat ion,  
Eq.(8), is analogous to  the energy t ranspor t  equat ion of 
Cook and Frey [4], used by Agostinelli e t  al. [5]: 

dw 9 40 m * ( ~  - W O )  - + - [ -  d z  20 9 rPrw 20 

where w is the average carrier energy of TEP, wo = 0.039 
eV, m' is the effective mass of t h e  electron, T~ is the mo- 
mentum relaxation t ime,  and  r, is t h e  energy relaxation 
time. 

from these data .  For the  increasing wz (electron heat-  
ing), A,, is fairly constant  (% -0.3). For t h e  decreasing 
w2 (electron cooling), however, A,, is distinctly different 
from t h a t  of the increasing w2. As w2 decreases, not only 
A,, changes its sign but  also it changes magni tude ;  it 
increases first and then decreases again. For simplicity, 
we choose a piece-wise constant  model  for A,, : 

-0.3 for &% > 0 
0.3 for 2 < 0. dt," A,, = 

Now it remains to  express the  I1 coefficient a as a 
function of wz. This  is achieved by a simple formula 
involving an effective field expression fitted t o  our homo- 
geneous MC simulation da ta :  

- 1. s 4 x  102 

9.59 x 1 0 5 e ( T )  for Awz > 0.164 

1.156 x 104e W) otherwise, 
(11) 

Q(W2)  = 

where Aw2 = w2 - Bth, &th = l .lZeV, a is in uni t  of A, 
and E,f f (wz)  = 0.002+0.77Aw2 - 0 . 8 O A ~ ~ ~ + 0 . 3 6 A w ~ ~ +  
O.14Awz4 is in unit of z. Note t h a t  this  E,., is different 
from the s teady-state  local electric field, E ,  applied t o  the 
electron under device operat ion.  Instead,  it represents  
an effective electric field and is a funct ion of the  average 
energy of HES obtained from solving the  simplified HES 
HD model. 

IV. Numerical Procedures and Results 
111. Model Parameters Extraction 

An MC simulator  is developed employing the  band  
s t ruc ture  based on the  isotropic two-band model  by Jin 
e t  al. [6]. Using both  bulk and device M C  data ,  we can 
explicitly evaluate  the  term F'. gn, appearing in E q . ( l ) ,  
and consequently, 'y,,. Similarly, b o t h  C,, and C,, can 
be evaluated from the  MC simulat ion.  Using the as- 
sumpt ions  Eqs.(5) - (6), we can obta in  a parameter ized 
expressions for gO(w2) and kO(w2) respectively by best fit- 
ting to  the  homogeneous M C  d a t a  (see Fig.1). Note t h a t  
the parameter ized expression for gO(w2) and ko(w2) are  
independent  of device or bias. T h e  d a t a  for gl(wz) and 
kl(wz), however, must  be obtained from various device 
simulations under  different bias conditions. 

Instead of individually modeling g1(wz) and kl(wz),  
it is more convenient to  model  A,, directly. Once we have 
decided to  approximate  the  energy t ranspor t  'equation for 
wz to  be of the form given by Eq.(8), we can directly de- 
termine A,, by assuming as if Eq.(8) were a n  exactly 
balanced equat ion.  T h e  result of A,, based on Eq.(8) 
from various n+ - n - n+ diode s imulat ions under  differ- 
ent  bias conditions is shown in Fig.2. Although these M C  
d a t a  are qui te  scat tered b u t  two distinct features  emerge 

Eq.(8) is first solved with 9 set to zero. By solving 
the  homogeneous balance equat ion k~(wz)(w~ - cth)  = 
F [I - gO(wz)] for a small constant  electric field (say Eo = 
lO.OkV/cm) mimicking the low-field n+- region on b o t h  
source and drain sides, we can can obta in  t h e  boundary  
value w2(0) a t  z = 0. We then replace the  original electric 
field E ( z )  with Eo whenever I E ( z )  ( 5  Eo. Since F ( z )  is 
a known function of z ,  as an initial guess, we may use 
wz(F(z)) which can be obtained from the  homogeneous 
MC data .  Eq.(7) is discretized using the  upwind scheme. 
T h e  calculated boundary value for w2 is specified at z = 0 
( the  source boundary)  bu t  left to  be determined a t  z = L 
( the  drain boundary) .  

Fig.3 shows comparison of w2 between the HES HD 
and the MC model for two different 1-D n+ - TL - n+ 
s t ruc tures  and different bias conditions. T h e  agreement  
is not perfect b u t  quite acceptable .  For comparison pur-  
pose, we have also implemented the  TEP HD model  used 
by [SI which is based on Eq.(9). Their  model  uses t rans-  
port  parameters ,  rp, and r, based on t h e  homogeneous 
MC d a t a  [7]. Since the M C  d a t a  used in this work and  
the one used in [7] are not the same,  we provide two ver- 
sions of the  T E P  model. One is the model with t r a n s p o r t  
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parameters  based on this work, i.e., UMass TEP (UM- 
T E P )  HD model, and the other  using original UTexas 
group’s t ranspor t  parameters  - UTexas T E P  ( U T - T E P )  
HD model [7]. Since E,,, is a measure of non-local effect 
and the pr imary parameter  directly affecting a, in Fig.4, 
we compare E,,, for three different models: HES HD, 
U M - T E P  HD and U T - T E P  HD. All three HD models 
show distinctive non-local behavior of electrons as in- 
dicated by the effective field profiles. Before the local 
electric field E reaches i ts  peak E,,,, the  effective field 
E,,, always remains smaller t h a n  E .  T h i s  spat ia l  delay 
between E,,, and E is known as the  ”dead space” [8]. 
However, after passing the  E,,,, E e f f  still remains non- 
zero in the region where almost  all the  electrons return 
to  the thermal  equilibrium. Note t h a t  E,,, based on 
the HES HD model shows a longer spat ia l  relaxation dis- 
tance than  those based on both T E P  HD models. This  
relaxation dis tance directly affect the  shape  of a and is 
sensitive to  the choice of t h e  parameter  A,, for 2 < 0. 

Fig.5 finally compares  a for three models with the  
MC d a t a  as a reference. T h e  HES HD model  and MC 
shows very good agreement  for a over eight orders of 
magni tude  difference, whereas, the a based on both T E P  
models, U M - T E P  and U T - T E P ,  drops ra ther  rapidly af- 
ter passing the maximum a for bo th  nt - n - nt devices. 
This  is due to  a smaller re laxat ion dis tance of t h e  two 
TEP HD models  compared to  t h a t  of the HES HD model. 
Also notice t h a t  the  a based on the U T - T E P  model un- 
derest imates  its peak value more than  other  models. 

V. Discussion 

T h e  HES HD t ranspor t  equat ion,  Eq.(7), represents 
a simplification/approximation to  the system of three 
HES t ranspor t  equat ions Eqs . ( l )  - (3).  T h e  momentum 
t ranspor t  equat ion,  Eq.(2), is totally bypassed because 
6, which appears  in the  modeling of kO(wZ)  and k ~ ( w ~ ) ,  
turns  out to  be fairly constant  in the  region of appreciable 
11. T h e  remaining two t ranspor t  equat ions are combined 
into one resulting in a single first-order t ranspor t  equa- 
tion for w2. T h e  only M C  cal ibrated t ranspor t  parame- 
ters are kO(wz)  and go(ulz)  from the bulk simulation d a t a  
and X(wz) from the  device simulation da ta .  By choosing 
a simple piece-wise constant  for A(wz), we have obtained 
a fairly good agreement  with the  M C  results. In order to  
apply the HES HD model  to  2-D or higher dimensions, 
however, we must  assume t h e  direction of the conven- 
tional current  flow(;) and t h a t  of HES current  flow(;) 
to be parallel to  each other. We believe this to  be a 

reasonable assumption.  

T h e  advantage of solving only one t ranspor t  equa- 
tion for wz is obvious. I t  is robust  and computat ional ly  
very efficient. By solving the 1-D HES energy t ranspor t  
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equat ion along each of many current  flow lines, a 2-D 
dis t r ibut ion of a can be easily obtained by using the  ef- 
fective field concept. The  only input  to  the  HES HD 
solver is the  electric field profile readily obtainable  from 
the conventional DD or HD solver. To d e m o n s t r a t e  the 
applicability of this new HD model to  2-D problems,  a 
obtained by solving n-channel LDD M O S F E T  is shown 
in Fig.6. 
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Figure 4: Comparison of E , f f  for the local field, the 
effective field based on the HES, UM-TEP, and UT-TEP 
HD models. 

Figure 1: Plot of ko(w2) and gO(w2) versus w2 - E t h .  

Figure 5:  Comparison of CY obtained from the MC, HES, 
UM-TEP, and UT-TEP HD models. Figure 2: Plot of A,, versus w2 - Eth. 
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Figure 3: Comparison of w2 obtained from the MC and 
the simplified HES-HD model. 

Figure 6: A 2-D distribution of CY along the current flow 
lines for 0.25 p m  n-channel LDD MOSFET a t  Vg=3V 
and Vd=5V. 
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