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distribution has been achieved.
are summarized.

The status of other 2-D MOSFET simulation programs

In the third quarterly report, a brief pfogress report on the M.S.U. laboratory
facilities will be presented in addition to the use of dry processinz and alternate
dielectrics. Emphasis will be placed on the two-dimensional MOSFET simulator.

; The two dimensional modeling program has been written for the simulation of
i short channel MOSFETs with nonuniform substrate doping. A

- f used is that the majority carriers can be represented by a sheet charge at the silicon
dioxide-silicon interface. 1In solving current continuity equation, the program does

! not converge. However, solving the 2-dimensional Poisson equation for the potential
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I. MSU LABORATORY FACILITIES

Negotiations are in progress with two semiconductor companies

O , to donate surplus production equipment which 1nélud¢ - .(1) epi

and (4) miscellaneous equipment for the hybrid laboratory.

~

II. DRY PROCESSING AND ALTERNATE DIELECTRICS

-

"~ _The exploratory processing involving dry chemistry required

‘the use of plasma etching and plasma deposition equipment not

available at either the Marshall Space Flight Center or Mississippi

State University. Consequently, the logistics involved in pro-
cessing the wafers have been difficult.
Four types of insulators were to be investigated:

'ﬁ‘;»— 1) 5% phosphorus doped silox,

2) plasma nitride,

3) the GAF version of polyimide, and

4) the Hitachi PI1Q.
Whenever possible, dry chemistry processing was to be compared with
"standard” wet chemistry. The wafers were processed through the
first metal mask at Marshall Space Flight Center in standard
3 fashion. The polyimide material was processed at American Micro-

systems, Inc. (AMI) using the standard recommend procedures by

reactor and generator, (2) ion pump vacuum system, (3) vapox réactora,_
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_ the maufaetuteea The anitride and uilox vare kposited at m

_using their :eauln& ymsﬁii; the former on an Appned mterhh
plasma reactor. ‘l'he wet chahtry pm«aing m pnrfomed at
AMI using AMI's eundara procoacing The plassa ttching vas
performed by Davis and Wilder on one of their production parallel
plate plasma system using their proprietary précesses.

The wet chemistry split {nvolving si{lox was lost when the
sctandard "pad" evch attacked the metal completely. The same
batch etchant continued to provide good results on AMI material.
Since the first layer metal at NASA was deposited via sputtering 7
and with many different impurities, compared with approximately
1$ Si:Al deposited with elect?on beam, the difference in the ‘
metal film is believed to be the source of the problem.

The plasma nitride material and silox materila, deposited by
AMI and plasma etched by Davis & Wilder, was processed without
any problems other than long delays. This material plus the
polyimide material has finally been received for the final
processing here. Although, no electrical results are available
at the present, the microscopic examination displays the expected
sharper edges of the dry processed material vs. the standard wet
chemistry.

In the meantime, the results of the in situ back sputtering
experiment were obtained. As was expected, the in situ back
sputtering split gave much improved yields over that for the
standard material - the detail results being published elsewhere.

The results of these experiments points to the requirement to




_ury ¢ffect£ve1y rmve the Islzli3E pxic: w the. m mlimim

or linini:e its fomtion during ntej pmeﬂin_ize mmm

ordet of 30 A shich a good sintoring treatment eaa tednce. Tha o

in situ cleaning fergivaa prior proeeluing which tenda to—gtow
fhe«Aiz 3 quchsas phototes;st rulnvgl and buffergdj!r etehing
of oxide. _ : | | | v

The dry processing hég7thc pqcential in the fuiaf;véfl
resolving smaller via s;zes and, simultaneously, avoids thé

-

harmful H,0 to accelerété the gluninuu oxide (and hydrate)

2
formation. Although dry processing to remove the photoresist is

routinely done one should expect 51203 formation due to the

presence of active oxygen in the "ashing" process. Some parallel

plate reactors can be)modified to introduce Ar at low pressure
and effectively as in a back sputtering mode. This latter mode
could then be used as a clean up step prior to second metal

deposition - although not in situ. Undoubtedly, dry processing
is going to be extremely important in future double layer metal

development work.




ITI. TWO-DIMENSIONAL MOSFET STMULATION PROGRAM

A. Long Term Objective

The basic long term objective is to develop a two-dimensional
computer prograh which derives the channel current in steady-state
from given values of potential: source, drain, gate, and substrate.
Also given are physical parameters such as gate length, dielectric
thickness, doping levels, et;. The substrate doping level should
be variable in twe dimensions and the substrate potential is
independent of thevsoufce potential ;n order-to include body-bias
effects. The program is intended to model MOSFETs with short channels
with particular emphasis on subthreshold and punch-through corduction.

Secondary objective is to utilize techniques in the computer
program to minimize computer run time while still maintaining reasona-

ble simulation accuracy.

B. Introduction

At the beginning of this project no programs were available
which satisfied the specified objectives. There has been consid-
erable work in two-dimensional modelling of JFETs including the

works of Kennedy and O'Brien [1] and Martin Reiser [2]. The




"~ 7 MESFET has also received atteation in two=i

¢.8., Barnes [3]. Various modes of HBS?ET operation have been
simulated or modeled us{ng tvo;ailenaioual techniques, e.8.
Schroeder and Muller [4] (saturation), Barron (5] (low level
currents), Armstrong e al [6) (pinch-off); Kennedy (7] (efferts

of ionizing radiation),rkennedy and Marley [8) (saturaticn),

Mock [9], Motta [10], El-Mansy and Boothroyd [11]. Although

these works all concribute to the knowledge required inlteaching
the objective of this task, only the effort by Mock is sufficiently
general to meet the objectives--and it is upavailable for public
distribution.

The work by Barnmes [3] described the application of the
finite-element method to the analysis of the MESFET.

Further, the finite-element method has been used for some time
in solving problems in mechanics and elasticity; however, it has
only recently been applied to semiconduction problems. This method
has the power to treat some problems, such as eigen-value problems,
for which the finite-difference method is awkward if at all
applicable. It can also be applied to the solution of field
distributions governed by partial differential equations, and one
of the most attractive features as compared to the finite-element
method is -purported to be the ease of treating non-rectangular
geometries and irregular boundaries. For example, the geometry
of the VMOS strﬁcture could be accomodated. It was decided to

further investigate this technique.
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 The details of this evalustion are incIuded in the appendix.

In summary, the evaluation resulted in some skepticism that the
finite elcment method would be sufficiently éffectivt for semi-
conductor problems to justify th§ effort. A more recent paper has
reinforced this attitude. This paper indicates thut the proper
formulations of the semiconductor problem for the finite element
approach remain to be demonstrated, and, in agreement with out
observations, point out that the application of Galerkin's method
is subject to skepticism. Therefore, it was concluded that the
further work should be based upon the finite-difference method
which we have used before although the finite-element method is
intriguing aﬁd may be further developed in the future.

Key in the development of this task is the proper selection
of assumptions. Certain assumptions are required to focus the
effort and facilitate convergence expeditiously and, therefore,
minimize computer time. On the other hand, too many assumptions
lead to loss in utility.

The basic assumptions follow:

1) Recombination/generation is negligible.

2) Hole conduction is negligible,

3) The conventional expression for Poisson's equation is
valid [see next section].

4) The mobile majority carriers are included in an

infinitesimally thick layer of charge at the S$i-S10, interface.

2
5) The current flow in the channel is then described by a

one-dimensional equation,

-6-
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vhere

S = density of majority éurriers in the channel,
D = majority cerrier diffusion constant,
4 = channel carrier mobility, and

Ex = tangential electric field component.

The first three sections are common in the stated literature
and restrict the model from covering phenomena associated with
breakdown and bulk generated leadage currents. The last assumption
is key and separates this work seriously from that of Mock although
Kennedv [7] used a similar approach for the sake of simplification.

Key also are the normal assumptions which are not made and

which are commonly utilized:

1) the gradual channel approximation,

2) constant substrate doping, and

3) zero substrate bias.

Although a constant effective channel motility is utilized
during the initial development of the program, it is not intended
to remain a basic assumption,

Assuming step junctions at the source (or drain), the potential
in the depletion region and cxie {8 defined by Poisson's equation
with apprcpriate boundary conditions (Figure 1):

1) fixed potential along the source (or drain) boundary
(BCD and 1JK),

2) fixed potential deep within the bulk substrate (AL},
-7-
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3) szero horiszontal component of electric field under the
source and drain and far from the channel (AB and KL),

4) zero horizontal component of elsc 14ic field in the oxide
far from the channel (EF and KH) and

5) constant potential on the gate electrode (FG).

For convenience the substrate in the basic program is defined
as having zero potential. The source, drain, and gate poténtials
are neir respective applied potentials plus their work functions

with respect to the substrate, i.e,,

- Vs +V

¥
source Bi °*

Yerain = 't Ve °

+ .
vgate = vc 0ms

For the NMu example the potential V¥ is always non-negative.

The gate dielectric is assumed to be ideal with infinite
resistivity. The charge density in the dielectric is assumed to
be zero except for a sheet charge representing the silicon-silicon
dioxide interface charge st which is arbitrarily assumed to be

(]
50 A within the oxide at one grid spacing above the channel grid.
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i
Figure 1. MOSFET Cross-Section 2
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Key to the simulation of short channel devicec is solving the

two-dimensional Poisson's equation without making unnecessary
approximations. The finite-difference formulation for Poisson's

equation is given in the next section. The majority carrier charge

is neglected in this formulation except for the sheet charge
representation at the oxide interface. The intent is to ignore the
charge gﬁere it is negligible compared with the ionized doping
charge--which is a good assumption everywhere except in the channel.
One can then solve Poisson's equation for the two-dimensional

potential distribution morc easily and faster than if the coupled

majority carrier current equation is included and the majority

carrier density variahle is included for every mesh node.
After finding the potential distribution one can, after the

. fact, explicitly solve for the majority carrier densities and

current in order to predict punch-thru and subthreshold conduction
; behavior. This approach is aimed at minimizing computation time
while retaining the essential relationships to maintain sufficient
accuracy for modeling purposes. One should expect a compromize in
accuracy, under certain conditions, when compared with the more

general approach of solving the two-dimensional conduction equation.

C. The Poisson Equation, Difference Form
The Poisson equation in different form is

vy = - fe (1)

-10-
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where

¥ = electrostatic potential,
p = charge density, and
€ = permittivity of the material.

For acceptor doped material the charge density,is

p = q(p-nll‘) » depletion, 7 A ' (2)' o e

where
q = charge density, -
P = hole density,
n = electron density, and

Na = ionized acceptor demsity.

The hol; density is defined by
p = N exp(-u) (3)
where
u = q¥/kT , the normalized
potential, and
u = 0 in the charge neutral bulk.
Consequently, in the bulk substrate and in the depletion layer where

the electron density can be neglected,
po= - qNall“?XP(-u)] . (%)

In the channel region the assumption is made that the electrons
exists only in a sheet form of infinitestimal thickness at the
silicon dioxide-silicon interface. Since the hole density is

insignificant at inversion, the charge density in the channel is

rg *® ~-q(Nggtng) , channel, (5)

-11~




where ‘ N :
Na'sA -18- the effective sheet charge due to- th&*ionitgd"""*' ’*":ff“‘f““‘v_’i‘ “‘“’
acceptors within the grid spacing defined by the interface
grid, and ng - is the sheet charge of elecitbns in the
channel,

Near the oxide-silicon interface there are positive interface

char;os ¢f density Nss » consequently,

Po= qNgo interface, (6)

_ -]
with the location being assumed to be 50 A inside of the oxide.

Otherwise in the oxide the chérge is assumed neutral.

g = 0 , oxide, (7)

To solve the Poisson equation numerically, the left hand side

can be expanded in difference form as

vie = v vy ®

= VAU +BU 4O
* DU, P EY ] ‘
where VT = kT/q ,
A = 2h Gy b hj)]-l .
B o= 20, 0, _+u)TT,

-1
D o= 2w W, +WIIT

-12-




C = -(A+B+ D+ E)

with the grid system defined in Figure 2.
Using the charge equation (14) the co-ﬁlete Poisson equation

in finite-difference form is written for node (i,j) as

ALY, 1+ BADT )+ S + DU, |

i,j-1
gqN

a
1,541 eV, [ 1-exp(-U

+ E(i,j)U )] 9)

i,3

The above nonlinear equation can be linearized by defining a function
F such that

) = F

FOU 5-10 Usen,50 U150 Yina,g0 Uign 1,3

" A ML P v rean o

+ E(1,j)) U

* Dy, Yin,g 1,j+1

- (qNa/EVT) [1-exp (-Ui’j)] = 0 (10)

Defining a set of reference value of U's and F such that

Ul , etc. and F; 3 one can expand F around the
b4

Ul’
i-1,3° 1,]

T
Ui,j-l’

reference potentials:

T T
+1 r . 3F oF
F = F ¢ — AU _ + —! AU (11)
LR A B W E R T BN
r r r
OF 3F 5F
+ AU, .+ AU, o+ Ay
3 : i
Up gl B3 Wiy g LI 3 4| LN
_13—




S 7

hy
) 141,
S 4
1o
by
— Ny
i,j-1
-y, K 9'

Figure 2. Grid system definition
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vhere

- r+1

T .
1'3‘1 - Ui.j_l .- n 'y ‘etCQ .

v 1,3-1
The above expressions defimes a system of equations in AU as

T

Fig" A(1,3) AUy 1 ;3(1.3) AU-i_l’j +T(1,9) A“;,j a2
+ DU, 8, +E(LD) B, L,
where
A=A, B=B,D=D, E=E, and
C = C - (qNa/kT) exp (_U:,j)
with A through E being defined inequation ( 8 ). The function F is

T+l _
i,3

linear equations in AU is obtained. For the node i,j

theoretically zero; therefore, by setting F 0, a system of

ABU, o ) +BAU )+ CAT, (13)

= = r

-+ = -
nAui+1,j+EAui’j+1 i

where F§ j is defined in equation (10).
?

By applying the method of lines, the linearized equations are

resolved into a tridiagonal matrix form as

AAU + CaAU + E

1,§-1 1,3 AUy 41 (14)

T - BAU - DAU

- Fi 11, 1+1,3

where AU are taken as the most recent updated values of AU

each iteration, but still keeping the U''s fixed until convergence




~of AU along the

along the y-axis. Obviously, equation (14 ) can be written for
the’v,ii;pve‘ue case. By alternating between the vertical and
horizontal forms of the tridiagonal matrix, the convergen& can
be expedited. 7
Special consideration must be given to Poisson's equation at
the silicon-silicon dioxide interface. Figure ( 3 )illustrates the
channel sheet charge S in charge per unit srea, the acceptor
charge Na in chérge per unit volume, and thg discontinuity in
permittivity. Applying Gauss's law in one dimension with two
surfaces at the midway points between C & C+ 1 and C-1 & C

leads to the expression

eoxnllz - € :5_1/2 = positive charge enclosed (15)
Nahc-l
=-q§ +—5—)

2
Vo (h +h__

Multiplying through by leads to

1751

- 3 Nahc—l)
. U U U U + e
2 [t oxX ( ct+l- C) + c=1- (1’. Zq 2 (16)
1 1 v

h +h 2 h h h
¢ e-1 "8 c c- ~SiVT c + hc-l

which is the one dimension form of Poisson's Law

a

dy

ev_
2 lESi

. eff
]- . a7

€5t

~-16-
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Figure 3.

SCURCE

Figure 4,

Camss's law at the silicon-silicon
dioxide interface :

er,c+1l

r+l,c

REPRODUCIBILITY OF TH
ORIGINAL PAGE IS POORE

E=0 '

Causs's law at the source corner
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fherefore, the finite differencelfdrn of the equation is obtained

by modifying the followiog terms in equation (9): -
[€ox gl _— .
E=2 e hyth _ + 01, a1s)

C==«(A+B+D+E) , and

Pegr 29 (St Nbh,/D

€qy VTESI 1 (hc* hc—l)

[Note: for the channel node in the progran;)

y= Jmax
Similarly the linearized version is modified by

Ei = Ei, Ci = Ci' and (19)
Fi =AU + B.U +cC,U
i,c ii,c-1 ii-1l,c i"1i,c
+D,U + E,U +p i/e
ii+l,c i1,ct+l “eff " Si

where the cubscript i has been inserted to denote the coefficients
for mesh node (i,c).

Tn the region of Si - Si0; interface where the st charges
are assumed to exists, one mesh node is assumed inside the oxide,

the coefficients are

A=A, B=B, C=C,D=D, E=E, and

-18-




+CU, ,.+DU,,. . +RU

F' = Au, +BU

tet Pt en” Fayen” Mast,en fe¢2
20 v 5
~'ss -1 0
+=2— (bt b ] (20)
ox T

Similarly, in the oxide where o = 0 , the coefficients are
A=A, E=B,C=C,D=D, E=~E, and (21)

Cﬂ DU + EU

AUy 41 ¥ B0y g O F U 1,41

D. The Channel Conduction Equation,
Difference Form

As noted previously, a significant assumption utilized to

facilitate convergence, is that the channel charge is modeled as

a sheet charge at the silicon-silicon dioxide interface. The
channel current is assumed to obey the single dimensional form of

the conventional three dimensional equation, i.e.,

= 22

Jn 4D n 9x *qu SEx (22)

where S = density of electrons in channel (#per unit area),
D = electron diffusion constant,

u = electron mobility, normally field dependent, and

E = tangential electric field component.
The above equation can be written in normalized form utilizing

- ‘3'2 . = i ' o
Ex VT Ix and DR van (Finstein 8 relationship):

-19-




n
- , o U, S SUR . h'if,,ﬁw -
Then . fs - (s-US)un . {(24)

- -1 v 38 " U
wvhere f. Jn(qv,r) , S= = and U 2.

At any point x in the channel the general solution of S 1s

x ' x f x .
8(x) = exp ["1 1U dx { I"i 1( ;-9- exp Ixi 18 dx) dx + c: (25)
- - n -

which reduces tc the specific solution for S(x), given

$ at x = X : x %
-U J -u(£) i
-U i-1 n e :
S(x)e S 1-1% + q_v'r L "G d¢ (26)
i-1

Rewriting the above leads to Si in terms of Si_1

S,exp(-U)=~ 8,  exp(-U, ,)

ri exg'-U(‘g‘zldC . _J_‘r;_ (27)

q
X4 u(£) T
Similarly, integrating betwesn Xy and x1+1.1eads to
Si+lcxp-(U1+l)- §, exp- (Ui)_ J
x qV
+
1l exp-u()dr T (28)
u(€)
*4

Assuming current continuity, i.e., Jn = constant, leads to

-20-
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! {up : cum) ] %, E}H (29)

_ p 1+1
N e:-:piuggﬂdt'
+ {‘*? Uy w(6) } 8
‘x
1-1
rxi exn|=
- M _J%_ES§2]d € =
{"9 Uin1 | NG) Sies =0
Xi-1

The above equation is of the form

aisi_1 + uisi + °131+1 0

and define a tridiagonal linear system of equatioms.

Equation 27 should reduce to a familiar form as XXy 1™ AX *0 .

Llet S, .= S,
o

S -S°+ S, U = Uo’ Ui. U°+AU . Then 27 becomes

i-1 i i-1
<17 -L‘D
(S + AS)e °(1-AU)-S e M
0 () n .
=N = - {30)
° Ax T
which reduces to
Jf8s g M
Jn * qu“ {Ax so Ax} ( 31)

vhich displays the familiar diffusion and drift terms in the limit,.
The integral form in (27 ) has the potentia.l of being more accurate
with larger grid spacing.

Another observation one may note is that the coefficients
a, , b

, ¢, may be scaled, or normalized, to values less dependent

i i

=21~

B




A.“«gnm;hiwgggQEEES;fgmgg»petf’till by multiplying Eaa-«ay I:ﬁizﬁi)

which gives | TR

a, = - ap(U-U,_,) rﬂn(z)mwi-utt’.)lﬁ ’
: x ,
i

1 '
b, = j ¥ (E)exp wi-um; d¢, and
X4l |

e = exp(U,~ viﬂ) r i ;'I(E)m Ivi-v(i)l dg . (32)
x
1-1

And, of course, if the mobility is assumed constant, then it can be

removed by multfplying through by u .
Noting that the integrand varjes exponeritially with potential

vhereas the potential is expected to vary with x no worse than

E, : the third power, one can approximate the integral by assuming
} - N = - 3
M- a(x xo) (33)

i1\
and evaluate the slope a = %; at the lowest valuz of potential

over the range of integration. In this manner the neglected higher
order terms contribute very little error since the integrand falls
off exponentially with potential. Changing variables for the

:
gv integration of b1 , 88 an example, leads to

U

i+l -1,
. u ()

v

a
i-1

where av

a = = ° Further,




B

b, = [au”! {exp(us- U, ;) - exp(U;~U,,.)} (35)

i

with a and u evaluated at the lowest value of U which for & >0

is ui—-l . Similarly,
2, = laul]exp(v,-v ) - 1] exp(@- U, )
-] :
cg = laul_j[1 - exp(u- Uy ;)] exp(U;- G4,,)
-1 )
b, = laul,_,lexp(u;- Uy ;) - evp(U- 1, 1)) (36)

where the subscript on ([au] denotes the node for evaluating a
and p, assuming a > 0..

The boundary conditions for this system of equations
association with electron conduction in the channel must be defined
in terms of the source and drain corner mesh nodes for the MOSFET
operation in the active region. Figure 4 illustrates the applica-
tion of Gauss's Law at the source corner of the channel. Mesh
nodes along the boundary of the source are common poential, therefore,
the tangential electric field terms along the boundary of the source
are zero. Since the electric field along the channel EE for
cperations of interest - at least at this sonurce corner, the surface

charge is modelled in a single dimensional manmer, i.e.,

waEN =-qS$ a3n

or, in terms of potential,

v

U -
VTon( r,ctl r,c

= q8 (38)
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An alternate scheme involves the solution of the one
dimensional Poisson equation: =
€ox
- =22 (vG.

f
ox

@m) - (Vc+ Vm) =Q. - 1S +Qy (39)

s
[
[a]
(1]
<
]

;he applied bias to the gate
¢ = the gate work. function relative to the substrate,
v =Jthe applied channel potential,
V.., = th2 work function of the drain/source,
= oxide thickness,
€ = oxide permitivity,
Q.. = silicon dioxide-silicon interface charge,

q = electronic charge, and

QB = the bulk charge density (per unit area)

0 for drain and source.
The QB expression can be defined in terms of the vertical electric

field in the channel region:

- (Ue-1 ~ Uc) _ g Na Pe-1
QB sVT ._—E::I_——- q 5

where the subscript ¢ refers to the channel node.
E. Channel Coupled Equations

Although the channel conduction equation (29 ) is linear in S,
it is nonlinear in potential. The simultaneous solution of the

conduction equation and the Poisson equation along the channel

~24~




requires linearizing ( 29).

Let in' = a, Si 1 + 51 si + ci si+1 vhere ai,»bi, ci ’
are defined in (36 ). Since the terms [an] -1 vary more slowly
than the exponential terms, the term is assumed constant for any
particular iteration, using the last known values of u's for its

evaluation. Then, the linearized conduction equation becomes

73Fr
C

i
Act U, 25551 [“"]1 151 P00, )

_1 -
€514 ® U0, ) L-exp@-0, D],

'\F -1
Cci _ci=- aisi 1(exp(vi-Ui_ﬂ)—l] + bisi
aU
i
-1
+ °151+1[1 - exP(Ui-Ui—l)] [1-2 exp(Ui-Ui_l)],
Deg = by >
r
3F ..
E L= Cl1L - . — -u . _ - -1
ci 35 "isi—l‘ )\p(lll IHI)[( xp("i “i-l) 1]
i+l
-1
+ bisi n.xp(Ui Ui+1)[exp(U U ) - exp(U Ui+1)]
°Sge1
i = Cy s and
F*™* = FT 4 A AU, _ +B AS, . +C AU, +D _AS, (40)
ci ci ci -1 ci i-1 cei i ci i
+ E AU AU .= 0

ci 1+1 i+l - -
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The Poisson equation. has been previously derived, equé;ions

~(18) and_ (39), with ..F!??_999‘.?,393?_‘!‘?_'““8--‘éf’i“?“ below for the

new system of equations:

BAU, ) . +C,AU, + HAS, + DU,
= -A -F -F =1 (41)
AAUs e-1” FiMi e~ Fie © Tic
where
- -1
Hy = -2qle Vplhy +h, D1
Ap = A from (17) ,
B1 = Bi from (17) ,
Di = Di from (17) ,
Ei = Ei from (17) ,
Ci = Ci from (17) ,
?;-c = as defined in (28 )

Simultaneously solving for the channel potential and the
change charge requires the simultaneous solution of the above two
equations (40 ) and (41) which results in the following system

of equation in matrix form:

— —_ - — oo —
- - = A%, T2e
CEHDOOO . . . . . AS _F
2 2c
CDEGOO . . . .. AU, T,
BOCHDO . . . 88, “F3e
ABCDETGT O .. . ; .
0 0BOCTHTDDO . )
AU T
0O 0 ABCDEGDO s e
11l | 81 [TFNe1,c]
— —
_26_
N Y -

W i A b

e

LIl




WA T e ol

i e PR

R

The matrix is a 6 diagonal natrix. The nusber of varisbles is - L

e e e

‘_GV1ce.tha unnbor of-srid~points"w¢thtﬁ the éhamnc!-snot eoun&ing

the hounda:y nodes at the source or drain. The solution cln be

conveniently solved by uaing a Gunsshuxeliuﬂnationtechnique.

F.. Overall Flow Chart

In order to expedite convergence, Initially, the gradual
channel approximation is assumed and the potential is calculated
along the channel. This analytical approach divides the device
cross—éection into two regions, the channel, silicon substrate
region and the oxide region.

In each of the two regions an initial approximation of the
potential distribution is obtained by solving the one~dimensional
form of Poisson's equation utilizing the given boundary potentials
including the channel potential derived in the previous step. The
one~dimensional equation is equivalent to setting dU/dx = 0 .

The potential distribution is found along one column (vertical)
simultaneously. By sweeping in the x direction, i.e., repeat
the solution on another column, the potential distribution for
the entire region(s) is obtained.

Next the solution to the two dimensional P. E. is obtained
in each region., In the oxide the potential along a column is
obtained with the region being swept in the x-direction. In the
silicon convergence is expedited by using the alternating direction
implicit (ADI) scheme. First, the potential in the row below the

channel (JMAX0) is obtained. Next the potential distributions for

-27-
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each row between the source and drain are obtained by awiepingfiﬁ

thé’ﬁéi&tiﬁé'§GE§EE¢£16§;hwﬁhedAEEi”iéihtion to row JK1 is obtained,
the solution to the column I = 1 is obtained The éolu-p solutions

are obtained by sueéping in the positive x-direction. This ADI:

scheme is repeated until satisfactory couvetgence is ob:ained.

With the two-dimensional potential distribution obtained for
both regions based on the gradual channel assumption, a new
estimate of the channel potential and the channel charge is obtained
by solving simultaneously the P. E. and current equation along the
Vchannel row. The 2-D P. E. is then solved along the rows between
the source and drain by sweeping y in the negative direction. Next
the columns solutions are obtained sweeping the x-direction for
the entire regions——thus crossing the channel in the appropriate
locations (I = IK + 1 to IL~1) . This ADI scheme starting at the
simultaneous solution of the P. E. and the current equation along
the channel row is repeated until satisfactory convergence is
obtained.

The channel current is obtained from an explicit solution to
the channel current equation after the channel charge and potential

are found.
G. Availability of 2-D MOSFET Simulators

The first 2-D simulator program which could provide I-V
characteristics was developed by Mock [9]  and Kennedy [8] at
IBM in the 1970 to 1972 timeframe. The program, based on finite

difference techniques, is proprietary to IBM. However, a modified

~28-




substrate bias.

'kgnnédyrit the Applied Electronics Research Corporation has

modified the Sutherland program to include provisions for

1) 1-D substrate impurity profile,

2) wobility dependence on gate voltage, and

3) substrate bias
and is now licensing the program (NEMOS) for $10,000 for one year
and $7,500 for each succeeding year.

In addition, Hitachi has developed a finite element version
with provisions, at least, for substrates with 1-D impurity profiles.
Dr. Asai of Hitachi has indicated the possibility of licensing the
program to Universities, government and industry in the United
States. The Hitachi program called CADDET was developed in 1977-1978.

At least one other 2-D simulation program is under development.
Jim Meindl at Stanford is under contract with ARPA to continue the
work by Sutherland.

At this writing the author has been unable to determine when
the program under development at Stanford will be available for

distribution.
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