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A Transmission Line Model for Silicided Diffusions:
Impact on the Performance of VLSI Circuits

DAVID B. SCOTT, MEMBER, IEEE, WILLIAM R. HUNTER, AND HISASHI SHICHIJO, MEMBER, 1EEE

Abstract-In scaled technologies, performance improvements become
increasingly limited by interconnect parasitics. The increased emphasis
in the literature on low-resistance replacements for, or supplements to,
polysilicon-gate technologies verifies the importance of parasitic limita-
tions. Further, the role of the series source and drain resistance as well
as contact resistance in limiting device performance has also been
addressed by several authors. This role is further enhanced by the actual
much more rapid increase in sheet resistivity with decreasing junction
depth than previously assumed by other workers. In fact, it can be
anticipated that metallurgical advances, such as silicides, will be required
to compensate for the increased sheet resistance of source and drain
diffusions.

In the present work, a theoretical development of a transmission line
model for a totally silicided diffusion is presented. Both the silicide
and the diffusion sheet resistivities o5 and p p, and the specific contact
resistivity p., are incorporated, unlike earlier models for contact holes
only in which pg=0. This model is applied to specific typical MOS
structures, including single-section and three-section structures, to cal-
culate the contact resistance contribution to total resistance, These
results are used in conjunction with device equations addressing the
device and circuit performance of small-geometry MOSFET’s. Both
n- and p-channel devices are considered as well as various scaling scenar-
ios (constant field, constant voltage, etc.). These results show that for
n-channel devices with a gate length of 1 um, a-factor-of-two increase
in circuit performance can be expected when using silicides. However,
for p-channel devices, the expected performance gain as a result of
using silicides is a factor of ten.

I. INTRODUCTION

HE ROLE of parasitic interconnect resistance in integrated
Tcircuit MOS technology has received increasing emphasis
in the literature, as the performance improvements in scaled
technologies become increasingly limited by interconnect
parasitics. The profusion of literature in recent years on low-
resistance replacements for, or supplements to, polysilicon-
gate technologies, including “polycides” [1], [3], refractory
metals [2], and silicides [4] verifies the importance of this
limitation. Recently, the role of series source/drain and con-
tact resistance in limiting device performance has also received
attention [5]-{7]. This limitation is further aggravated by the
much stronger dependence of diffused junction sheet resistance
on junction depth (as discussed later) than assumed in classical
scaling [8]. Besides self-aligned shallow/deep junction tech-
niques [9]-[11], it can be anticipated that metallurgical ad-
vances, such as silicides, will be required to overcome the limi-
tations of scaled, implanted, and diffused source-drain
junctions,
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While the behavior of silicided conductors has received con-
siderable experimental attention, both from a materials science
and a technology point of view in recent literature, no theoret-
ical modeling of such structures has appeared. Using extensions
of transmission line models, which have been applied previously
to metal or metal-silicide contacts only {12]-[14], the elec-
trical behavior of totally silicided conductors is developed in
this paper, While illustrative examples are given for silicided
diffusions, the theoretical development is general, and is
applicable to silicided, doped polysilicon as well.

The general transmission line model for silicided conductors
is developed in Section II, followed by applications to specific
typical structures in Section ITI. Section IV utilizes these results
to examine the consequences of silicided diffusion in scaled
MOS technologies.

1I. DERIVATION OF TRANSMISSION LINE MODEL

The diffusion and silicide layer shown in Fig. 1(a), are ap-
proximated by the transmission line model illustrated in Fig.
1(b). Although asimilar treatment has been previously reported
[12], [14], the structures considered in the present work
require an analysis of a more general nature. As stated by
Berger [14], the use of a transmission line model requires the
following assumptions:

1) the current through the interface between the two layers
is vertical,

2) the thickness of the silicide and diffusion layers are both
infinitesimally small,

3) the contact is ohmic.

Unlike the previous work [12]-[14] in which the metal in
the contact hole shorts out one side of the transmission line,
the order-of-magnitude larger resistivity of silicides requires
that the sheet resistance of the silicide be included as part of
the overall resistance of the various structures considered.

The current in the diffusion shown in Fig. 1 can be expressed
as

Ip=-——2 1
b= M

where pp [Q/[]] is the sheet resistivity of the diffusion and W
[um] is the diffusion width. Similarly, the current in the sili-
cide is given as

§E- T

ps adx @
Further, the current through an element Wdx of the silicide-
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Fig. 1. Illustration showing (a) a cross section ofa Slh(:lded n* diffusion;
and (b) the transmission line model for a silicided n* diffusion.

diffusion interface (upwards in Fig. 1(b)) is given by Kirchoff’s
Law as

W dx

(4

dls = (Vp - Vs) 3)
where p,[Q - um?] is the specific contact resistivity between
the two layers. Using (3) the relation between the currents in
the two layers is given as
dr, dl.
“p__%S5_ . w (Vp -
dx dx Pe

From (1), (2), and (4), the potential distribution within the
two resistive layers can be described by the following pair of
coupled differential equations:

Vs). “

d*Vp e

o (V Vs)=0 FSa)
d*v
dx2s :S(VD Vs)=0. (5b)

The solution of this pair of differential equations is given
by

o) = ’_’:’ - [4ef* + Be™®] + Dx + C (62)

Ve(x)= —5— [4ef* + BeP] +Dx + C (6b)
Pp t pg
where 8= ((op + pg)/p.)/*. The associated current equations

are

_.W| _Bep B _ p,-bx ]

I == [pu - (A4eP* - Be )+ D (6¢)
_WI__Bps ., 6x_ p,-8x ]

Is(x)= o5 [ Pp + 05 (4e™ - Be™™)+ D (6d)

The constants 4, B, C, and D are determined by the boundary
conditions appropriate for the particular geometry considered.
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Fig. 2. Illustration showing (a) a cross section of a MOSFET with sili-
cided diffusion interconnect and contact hole; (b) a simplified model
of regions 2, 3, and 4 in which the impedance of sections 3 and 4 is
assumed large; and (c) a rigorous coupled transmission line treatment
of sections 2, 3, and 4.

In the limit that pg goes to zero, e.g., when the silicide is
shorted by metal in a contact hole, (6a) and (6b) reduce to the
degenerate case analyzed previously [12], [14]. The voltage
as a function of position in this case is now given by

Vp(x) = Ae®* + Be %" + Vs (7a)

where Vg is the constant voltage on the metal-shorted silicide,
and the associated current is given by

W
Ip(x) = A [Ae®* - Be™*¥]

PD
where & = (op/pc)

(70)

12

III. APPLICATION TO SPECIFIC STRUCTURES

A. Analysis of a Single-Section Silicided Diffusion
with Contact

The use of a silicide over a diffused junction to decrease the
series resistance to a transistor is shown in Fig. 2. As shown,
the series resistance components can be divided into four re-
gions. However, in this particular section, the discussion has
been limited to a simple analysis, and thus the model indicated
by Fig. 2(b) will be considered first, The following analysis,
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therefore, is considered in the limit that
L, >1Ls and L, >>La. (8)

The four required boundary conditions to determine the
current-voitage relations are given as

1) Atx, =0, Vp(0)=0.

2) Atx, =L,, Vg(L,) = V, where the contact is made.

3) Atx, =0, the current in the silicide is zero and thus

dVs
x| spmo
4) Atx, = L,, the current in the diffusion is zero and thus

v

=0.
dx x,=L,

The application of the above listed boundary conditions
yields the following solution for Vg(x) and Vp(x):

14
Vs(x2) = -[p§ cosh fxz + pspp
- cosh (L, - x,) + pgpp Bx, sinh L, ]
V 2
+ 7 lospp + 5 cosh BL, ] )
and
V 2
Vp(x2) =~ 7 [esop cosh Bx; + pp
1
- cosh B(L, = X2) - pspp Bx, sinh BL,]
14
t oo losep + pB) cosh BL,] (10)
1

where

F1 =2pgpp + (0f + p§) cosh BL, + pspp BL, sinh BL,.

The total current through the structure of Fig. 2(b) is given
by the sum of the currents in the two layers. Thus

I=Ilg+1Ip
W dVp W dVs

== — -— 11
pp dx; ps dx, D

where W is the diffusion width. Using (9)-(11), the total resis-
tance of the structure defined by Fig. 2(b) is given as

- L2 _ppps

- 4 2psPp (03 + pB3) cosh BL,
"W pp+ops

WB(ps + pp) sinh BL,

(12)

where the first term is identified as the geometrical line resis-
tance, and the second term is identified as the contact resis-
tance Re.

In Fig. 3, the resistance of the structure of Fig. 2(b) has been
calculated as a function of L, using various values of p,, the
specific contact resistivity. Values of pp = 100 /T and pg =
10 /0 were used for the respective sheet resistances. As can
be seen by observing Fig. 3, the resistance of the structure
increases abruptly as L, becomes small, In general, the value
of L, at which the resistance increases abruptly is given by
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Fig. 3. Total resistance of the single-section silicide diffusion with con-
tact of Fig. 2(b) versus silicided length L, for different specific con-
tact resistivities p..
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In Fig. 3, this value of L varies from 0.3 to 4.8 um as p, varies
from 10 to 2560 § - yum?®.

Equation (13) can be used to define the two limiting cases of
resistance. For L, << L¢, (12) reduces to

(13)

_ P +£2_ PDPs
L,<<rc LW W pp+ps

Ry (14)
In this limit, the contact resistance is area dependent, and the

resistance of the structure increases as L, decreases. In the
other limit that L, >> L, (12) reduces to

(0 +03) 12

L Ly _ppps
W (os +pp)* ™

RT = .
W pp +ps

L,>> Lo

(15)

For this limit, the resistance is given by the sum of a width-
dependent contact resistance and a geometrical resistance.
Understanding of the regions of validity of these two extremes
is necessary in that either extreme used outside its region of
validity will underestimate the overall resistance.

The width-dependent contact resistance is of interest in that
the contact resistance is in part determined by the sheet resis-
tance of the diffusion beneath the silicide. Physically, the
dependence of the contact resistance on the diffusion sheet
resistivity is due to current crowding. Current crowding can
best be illustrated by considering the current in the silicide as a
function of position for the structure of Fig. 2(b). The frac-
tion of current in the silicide as a function of position can be
written as

IS(xz)___ ps sinh x, - pp sinh 8(L, = x;) + pp sinh L,
1 (pp + pg) sinh 8L, )

(16)

An illustration of current crowding is shown in Fig. 4. Using
(16), the fraction of current in the silicide is plotted as a func-
tion of position for various values of specific contact resistivity
pe. As the current approaches the unsilicided part of the dif-
fusion, it is forced from the silicide. The value of specific
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Fig. 4. The fraction of current in the silicide as a function of position,
for different specific contact activities ..

contact resistivity determines the degree to which current
crowding can occur. For small values of p,, the current crowds
into a relatively small region when going across the interface.
For larger values of contact resistivity, much of the current is
forced to go a considerable distance through the diffusion
before reaching x, =0. Hence the dependence of the width-
related contact resistance on the diffusion sheet resistance.

B. Analysis of Three-Section Silicided Diffusion with
Metal Contact

In Fig. 2(c), the full three-section coupled transmission line
for the structure in Fig. 2(2) is shown. Sections 2 and 4 are
composed of three-element transmission lines, while the two-
element transmission line of section 3 is equivalent to assuming
ps =0, This is justified because 1) the sheet resistance of the
metal interconnect is typically at least a factor of 10 less than
the silicide, and 2) the specific contact resistivity between a
metal and silicide (which is nearly metallic in conductivity)
should be much less than that arising from the metal-semicon-
ductor Schottky-diode behavior of silicided diffusions.

In applying the theoretical equations in Section II to this
case, it is convenient to subscript the variables x, Vp(x), etc.,
and the coefficients 4, B, etc., with a subscript denoting the
section. The appropriate boundary and continuity conditions
to determine the current-voltage relations are given as follows:

1) In section 4, g, (x4) = = Ipa(x4).
2) Atxgq = La,lg4(Ls)=Ipa(La)=0.
3) Atx, =0, Vg (0) = V, the applied voltage.
4) Between sections 3 and 4, at x3=L; and x4 =0,
Vpa(L3) = Vpa(0).
5) Atx; =Lj3 and x4 = O,ID3(L3) =ID4(O).
6) Between sections 2 and 3, at x, =L, and x5 =0,
Vpa (L2) = Vps(0).
7) Atx, =L, and x3 =0, ID2 (Lz) =ID3(O).
8) In section 2, Ig, (x,) + Ipy (x3) = -1
9) Atx, =0,I5,(0)=0.
10) Atx, =L, Vs, (Ly) =V, the applied voltage.
The derivation of contact resistance and the coefficients for

each section proceeds by applying the boundary conditions
above, first in section 4 and then in section 3. At this point, it
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is possible to define an effective resistance R of sections 3
and 4 which shunts section 2 at x, = L,. Using the remaining
boundary conditions, the total resistance Ry is calculated,
and the contact resistance R is identified.

Boundary conditions in section 4 result in

D, =0 (172)
By = Ao (17b)
PS
Co =VH+ Aq +By). 17
s =Vt E (44 B (170)

Using the continuity of diffusion region voltage and current
between section 3 and 4, it can be shown that

Aze®ls + Byem®s = 4, (e + 1) (18a)

A3€aL3 _B3€_0(L3 =‘A4(62ﬁL4 “1) _p—’l— ,E
Pstpp @

(18b)
with

a=(p./pp)"*
which can be solved for 45 and B3 in terms of 4,4

B (e?PLs ¢+ 1)]

pPstpp @

1
A3 =“5‘A4€—QL3 [(e2ﬁl"‘ "1) - “pD

(19a)
1
By =+ =A% [(eZBL" sy P By par 1)] :
2 ps*pp a
(19b)

It is convenient to define R, the equivalent resistance shunt-
ing section 2, caused by sections 3 and 4 of the coupled
transmission lines

Ro= Vss(0) - Vps(0) _  pp (43 +B3)

. 20
“Ips(® oW (ds-By) (20
After algebraic manipulation, it can be shown that
coshal; + oK tanh BL,4 sinh oL,
+ _ PD ps+ppa
Rc= =2 (21)
ol | PD B
sinh aL 3 + tanh 8L, cosh al;
bs+pp &

When L4 =0, R reduces to the resistance of a silicided con-
tact hole [12], [14]. Digressing momentarily, it is useful to
consider several limiting forms of R¢. It can be seen that

' 1 PD
RclL3—>o= =RelL,—o = (22)
ps<<pp @
Boundary conditions in section 2 result in
pspp 1
=— 23a
pstop W (232)
+pp D
B, =A,-PSTPDZ2 (23b)

ps B
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and

Ps
+pp

C,=V+ ; (A2e®r2 + Bye ¥y - p, 1, (23¢)
N
while continuity of diffusion region voltage and current be-

tween sections 2 and 3 results in

Ayeftr +BePla = 4, + B, (24a)
and
Bw L ~-gL D2W aW
- (4yePtr - Bye Py - 20 T2 (4, - Bs).
PS+PD( 2 2 ) P PD( 3 3)
(24b)

Dividing these two equations, and using previous results for
B, and the definition of R, one can solve for 4,

Rc R + 1
PD[[‘E+ _Ce"ﬁLz _PsThp 1 e'ﬁLz]
D Ps ps BW

A-2 =- 7 .

R + .

_Cﬁw(eﬁllz - e"ﬁLz) + Ps T PD (eﬁLz + e*ﬂLz)
S Ps

(25)
Using (23b), it can be shown that
ol [5_6_‘ +Re oz, st PDLeﬁLz]
B, = Pp Ps ps _ BW
Re gpels - elry 4 PSHPD (o1, 4 o6l
(26)

Using 4, and B, in (24a) and (24b), and solving for 45 and

Bj; results in
1 R¢ ,
Ipp (— - —9) [cosh pL, +—39—}

oW p P

A3 =+ = " 5 27

ZCRW(ePlr - ¢ BLay 4 LS TPD (AL, 4 o-BL,)

Ps Ps

1 R
Ipp (——-—+—C) [cosh L, +£Q]
B, = oW  pp Ps
c ﬁw(eﬁLz e“ﬂLz)' + M_p_D (eBLz + e‘ﬁLz)
ps S
(28)

Given A3 or B3, A4 can be obtained from either (19a) or
(19b), while B4, Cy4, and D, are given by (17a, b, c).

The total resistance R of the structure in Fig. 2(c) is given
by

Rp= Vsa(L2) ~ Vpa(0)

I
Dol +Aj (eﬁLz J,&))J,B2 (e—BLz +£2)
- PsI' Ps (29)

which, after algebraic manipulation, results in an expression of
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Fig. 5. Contact resistance Ro versus section 2 length L, for single-
section and three-section models of Fig. 2.

the form

_ _PsPp Lz

= +R
T pstpp W ¢

(30)
in which the first term is identified as the geometrical line re-
sistance of section 2, from x, =0 to x, =L, at the leading
edge of the contact hole. The second term, R, is identified as
the contact resistance and is given by
R!

cPp. (2

Pst oD

b
_ PsBW

2 + 2
+ BS T PD
PsPp

sinh L, + cosh ﬁLz)

Rc¢

Ps* pp
Ps

RI
cosh L, + ;Q BW sinh BL,
N

(E3))

When R¢ - o0 (equivalent to L3 and L4 — 0), this reduces to
the simplified case shown in Fig. 2(b). Equation (31) describ-
ing 'the three-section model of Fig. 2(c) is compared to (12)
describing the simplified single-section of Fig. 2(b) in Fig. 5.
The single-section model has a contact resistance which in-
creases indefinitely as the length L, decreases. In contrast,
the three-section model has a finite contact resistance as a
result of the termination of section 2 by sections 3 and 4. As
L, becomes greater thar the characteristic length 87!, which
for the example in Fig. 5 is 4.8 um, the contribution of section
2 to the contact resistance begins to dominate, and the two
curves asymptotically approach one dnother. The current
distributions for L, =2 um and L, = 10 um for the single- and
three-section model cases are shown on Fig. 6, For L, =10
um, the contact resistances are nearly the same (as seen in Fig,
5), even though the current distribution of the single-section
case with Ly =L, =0 in Fig. 6 is perceptibly altered by the
termination sections present for the three-section case with
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Fig. 6. Fraction of current in diffusion as a function of position for

the single-section model (L3 =Lg =0) and for the three-section
model (L3 =L, =3 um) of Fig. 2,

L, L, #0. However, the gradient of the current, which
determines the current-spreading contribution of p,. to the
contact resistance, is not significantly altered. In contrast, for
L, =2 um, for which the contact resistances differ by almost a
factor of 2 (as seen kin Fig. 5), the two cases have appréciably
different gradients of the current.

It is useful to consider two limiting forms for R

2 2+ 2
P, o (Ps PD)

_EP_V— ¢ Ps+ pp
Relpr, >>1 = (ps + pp + Re BW) (322)
and
RC‘“’ >>1 = ﬁ%- (32b)
pg<<pp @

From (32), it can be seen that the contact resistance is limited
to the same value as R¢ (as given by (22)). Thus although
silicided diffusions may superficially appear to offer the poten-
tial of reduced overall resistance, the contact resistance is still
limited to the same value that limits a silicided contact hole.

C. Analysis of Interconnecting Silicided Diffusion Without
Contacts

In addition to reducing the resistance between an aluminum
contact and the source of a transistor, silicides can also be used
to reduce the resistance between two MOSFET’s connected by
a diffusion. Such a structure is shown in Fig. 7. Again the
relation between the silicide and diffusion voltages is described
by (6a) and (6b). However, this time the boundary conditions
are given as

1) Atx=0,Vp=V.
2) Atx=L, Vp =0.

dVs

3) Atx=0,—= =0,
dx x=0
dVs

4) Atx=L,—% =0.
dx x=1
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Fig. 7. Ilustration showing (a) a cross section of two MOSFET’s in
series; and (b) the transmission line model for the central silicided
section.

For the above described boundary conditions, the voltages in
the respective layers are given as

Vipp cosh B(L - x) -pp cosh Bx - pg Bx sinh BL]

Vplx) = 2pp (cosh BL 1) + pg BL sinh L
N Vpp (cosh BL =1) + pg BL sinh L] (33)
2pp (cosh BL ~1) + pg BL sinh SL
and
Vipg cosh 8(L - x) - pg cosh fx + pg fx sinh L]
Vs(x) =

2pp (cosh BL -1) + pg BL sinh SL

Vipp (cosh L ~1) + pg BL sinh L]

2pp (cosh BL -1) + pg BL sinh BL
From (33) and (34) the resistance of the silicided layer indi-

cated in Fig. 4(a) and (b) is given by

__ppps L _2p5 tanh(BL/2)
pptps W pptes BW
In Fig. 8 the resistance of the silicided diffusion has been
calculated as a function of length L for various values of spe-
cific contact resistivity. In general, it is seen that the resistance

is determined by the sum of two separate contributions.
Again a critical value of length L can be defined such that

(34)

(35)

pe  \'?
Le=2 (po + ps) ' (36)
For L << L, the resistance is given by
RT|L<<LC= EL/‘PD (37)

which means that the contact resistivity is high enough that the
presence of silicide has no effect on the resistance. For L >>
L, the resistance is given by
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Fig. 9. The fraction of current in the silicide as a function of position,
for different specific contact resistivities p,.

2 o |?
Rlp>>1c0 = W [E:P_S] (oclpp + P
4 Pops L

pp+ps W’ (38)

In this case, as in Section II-A, the resistance is given as the
sum of two contributions, a width-dependent contribution and
a geometrical contribution. However, in (38) there are two
contact resistance contributions since the current starts in the
diffusion, goes into the silicide, and then returns to the diffu-
sion. Thus the silicide-silicon interface is crossed twice.

The above two limiting cases of (35) are best comprehended
by considering the fraction of the current in the silicide as a
function of position. Using (2) and (34), the silicide current
for the structure of Fig. 7 is given as

Is(x) _ pp sinh SL - sinh x - sinh B(L - x)
1 Pp +ps sinh §L )

In Fig. 9, the current in the silicide is plotted as a function of
position for various values of contact resistivity. At low values
of contact resistivity (or equivalently L >> L), the current
crowds at either end to enter the low sheet resistivity silicide.
As the value of L or p, increases, a significant fraction of the

(39)
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Fig. 10. Ilustration showing (a) a cross section of a silicided, diffused
resistor with contact; and (b) the transmission line model.

current does not enter the silicide. For very high values of pg,
little of the current enters the silicide and thus the limiting
case defined by (37) applies.

For long diffusion lines, the use of silicides will reduce the
resistance between the two transistors shown in Fig. 7. The
results of the calculations in this section show that the total
resistance will be dominated by the contact resistance in many
cases and, therefore, the geometrical resistance determined
from the sheet resistivity of the silicide will be a secondary
consideration.

D. Analysis of Interconnecting Silicided Diffusion with
Contacts

The final example, shown in Fig. 10, is a totally silicided
diffused resistor, The only boundary condition which differs
from the case in Fig. 2(c) is in the silicide at x, = 0. Instead of
I5,(0) = 0, the appropriate boundary condition, by symmetry,
is Vg,(0) = 0, which coupled with Vp, (0) = 0, results in

By, =-4, (402)
and
C, =0. (40b)

Otherwise, all previous relations for example 2 still apply. In
particular, it can be shown that

24, =~ Re

(41)

Ps*pp

RI
sinh BL, + =< W cosh BL,
Ps Ps

In conjunction with the requirement that Vg, (L,) = V/2, this
permits the total resistance R to be calculated

2L
—_-(_p‘SB.D_)_._z.l.ZRC

pstpp/ W (42)
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where the contact resistance R is given by

R'c< ”+S )sinhBLz
o= Ps T PD . (43)

+ R
PS Y PD inh BL, +C gW cosh L
Ps Ps

One limiting case is of interest

(=)

which is a factor 4 (pg/pp)* times smaller than the value of
R in Section 1I-B in the same limits.

pp 1

R alW 2

clpr,>>1 = (44)

PD>>PS

IV. ImpACT OF SILICIDED DIFFUSIONS ON DEVICE
AND CIRCUIT PERFORMANCE

In this section, the transmission line model developed in
Sections II and TII is used to examine the impact of silicided
junctions on VLSI technologies. As the horizontal dimensions
of an MOS device are scaled down, the vertical dimensions (gate-
oxide thickness, junction depth, etc.) also need to be scaled
down in order to reduce undesirable short-channel effects [8] .
A consequence of this scaling of the vertical dimensions is an
increase in sheet resistivity of diffused junctions which limits
the performance of MOS devices 5], [6], and also increases
circuit delay time if such diffusions are used as interconnect
lines.

Before considering specific applications of transmission line
models, it is instructive to examine the scaling property of
diffused (or ion-implanted) junctions as the junction depth x;
is scaled down. In the past [S], [6], [8], the 1/x; dependence
of sheet resistivity has been extensively used. This dependence,
however, is only valid for a relatively deep junction which can
maintain a doping concentration close to solid solubility
throughout its depth. For a very shallow junction, the peak
doping concentration must be reduced in order to accomodate
the ion-implantation range and the diffusion during annealing.
This reduction of peak concentration results in an increase in
sheet resistivity. In Fig. 11 we show SUPREM [15] simula-
tions of arsenic- and boron-implanted junctions which have
been subsequently driven in during typical annealing conditions
to illustrate the dependence of sheet resistivity on junction
depth. The arsenic junction simulation has used a 50-keV
implant, annealed at 950°C for 20 min. The boron junction
simulation has used a 15-keV implant, annealed at 975°C for
19 min [17]. For both types, the implant dose has been
adjusted to obtain a specified junction depth for fixed anneal-
ing conditions. Also shown in Fig. 11 are the experimental data
by Tsai et al. [16]. From Fig. 11 one can see the much stronger
dependences of sheet resistivity on junction depth than 1/x;,
which is shown by a broken curve. For the boron-diffused
junction, the sheet resistivity pp can be closely approximated
by

1 5
Pp =k (“")
Xj

where k, =13 Q- um®, pp is in ohms per square, and x; in
micrometers. Similarly, for the arsenic-diffused junction, the

(45)
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variation can be expressed as
1\!° 1
SEPYEL L w
Xj Xj

where k, =1.55 X 1077 Q- um?®, and k3 =7.16 - um. For
arsenic, the sheet resistivity varies as 1/x; down to 0.2 um,
below which the resistivity starts to increase quite rapidly as
the junction depth is decreased further. Although different
annealing conditions may yield slightly different dependence,
the general features remain unchanged. Therefore, the 1/x;
dependence previously assumed [5], [6], [8] gives an overly
optimistic picture of scaled-down junctions.

A. Application to Scaled Device Performance

The above considerations, together with (30) and (31),
describing the contact resistance of a silicided diffusion can be
used to examine the effect of scaling of source-drain series
resistance of an MOS device as shown in Fig. 2(a). In our
scaling scheme, all the horizontal dimensions are assumed to
scale down linearly with a scaling factor k (k < 1), whereas the
junction depth only scales as k*/? comprehending the diffi-
culty to make very shallow junctions. A patterned gate length
of 3 um and a gate-oxide thickness of 600 A is used as a refer-
ence (unscaled device) with Ly =L, =1.5 um, L3 =L, =3
pm, and x; = 0.4 um. Fig. 12 shows the result of the calcula-
tion, which plots the total source~drain series resistance as a
function of patterned gate length for boron-diffused junction
with and without silicide. The silicide sheet resistivity is as-
sumed to be constant, pg =2 /0. For a silicided case, two
different specific contact resistivities (p,, 10 and 100 - um?)
between silicide and diffused junction are considered, although
pe for ametal-semiconductor Schottky barrier can be expected
to be a function of x; due to the dependence on doping con-
centration in the semiconductor diffusion. By siliciding the
source~drain diffusion, the total series resistance can be re-
duced by a factor of 2. Reducing the specific contact resis-
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Fig. 12. Series source and drain resistance of scaled MOSFET’s as a
function of patterned gate length.

tivity aslo improves the series resistance by approximately 40
percent. Also shown in Fig. 12 is the result from an optimistic
1/x; dependence of diffused junction resistance without
silicide. Clearly, this dependence underestimates the series
resistance. For all the cases, a rapid increase of series resis-
tance below 1 um is also noted. This is due to the increased
contribution from contact resistance.

This analysis of series resistance can be incorporated into the
calculation of effective triode gain of an MOS device. The
source-drain series resistance of the device serves as a feedback
loop, and reduces the effective device gain [S], [6]. In our
calculation of triode gain we also include such effects as the
mobility rolloff due to parallel and perpendicular electric fields,
and inversion-layer capacitance [6] .

The mobility of carriers at Si-Si0, interface including the
dependence on parallel and perpendicular electric field can be
written as

Ko
E.Ey)=
“( X3 y) E E 8 l/ﬁ
1+ ._x 1+ __y.
E . Ecy

where u, is the low-field mobility, £ and F are electric fields
perpendicular and parallel to the interface, respectively. The
values for E.y, E.y, and § have been recently determined
experimentally [18]. For large gate voltages, the perpendicular
electric field £, is given approximately by

1Yo 0ms= ¥s €ox
2 fox €si
where 7,4 is the gate-oxide thickness, e,y and eg; are the
dielectric constants for oxide and silicon, respectively, ¢, is
the metal-semiconductor work function, and , is the surface
potential. The factor of # comes from the averaging of elec-
tric field over the charge distribution in the inversion layer
[19]. The parallel field £, can be obtained from the drain
voltage Vp which is arbitrarily chosen as

Vo=% Ve~ Vr)

(47

E,=

(48)

(49)
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to describe the device operation in linear region. Then, E), is
given by

(50)

where L. is the channel length. The effect of finite inversion-
layer thickness is incorporated as a series capacitance to the
gate-oxide capacitance [6], which causes a decrease of effective
gate capacitance when the inversion layer thickness becomes
comparable to the gate.oxide thickness. The inversion-layer
capacitance is calculated from the average distance of inversion
charge from the Si-SiO, interface [20].

In examining the device performance in scaled MOS technol-
ogy three different scaling schemes have been considered. The
first scheme is a constant field scaling (denoted as CE) [8]
where the operating voltage is scaled down linearly with phys-
ical (horizontal) dimensions, starting at 5 V for 3-um gate
length. The second scheme is a constant voltage scaling (CV)
where the operating voltage stays constant at 5 V. The third
scheme that we consider is a variation of constant voltage
scaling. In this scheme, the operating voltage is reduced step-
wise from 5 to 3 V at gate length of 1.5 um. This scaling
scheme, denoted at CV', is expected to best describe the pres-
ent trend in MOS industry.

In Fig. 13 we show triode gain of an n-channel and a p-channel
MOS device as a function of patterned gate length. The triode
gain is given by [21]

uC ¥
o L.
W
1+uC—(Vs-Vr)Rr
L,

D

where R is the total series resistance shown in Fig. 12, Cisa
series combination of gate-oxide capacitance and inversion
capacitance, W is the width of the device, u is the mobility
given by (47), and L, is the effective electrical channel length,
calculated as L, = L - 2yxj, withy = 0.8. W=9 um is assumed
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for an unscaled device (k = 1). The band in Fig. 13 refers to
the best and the worst case of series resistance, the upper curve
representing the diffused junctions with silicide, and the lower
curve without silicide. The decrease of the gain below 1 um is
mostly due to the mobility degradation. As seen from this
figure, the improvement of triode gain by siliciding source-
drain is not expected to be very large although as the channel
length decreases below 1 um improvements up to 60 percent
for p-channel devices can be expected. The improvement is
larger for a p-channel device because of the larger series resis-
tance of unsilicided boron junctions.

B. Application to Scaled Circuit Performance

As shown in the preceding subsection, not much improve-
ment is expected on the triode gain by siliciding source-drain
diffusions. However, as will be shown, the circuit performance
does improve when a silicided diffusion line is used as an inter-
connect, This is iflustrated in Fig. 14, where the circuit delay
time of a simple circuit (see insert in Fig. 14) with a driven
diffused interconnect line and three identical MOS load devices
(fan-out = 3). The unscaled dimensions of the interconnect
line are assumed to be 100 um long by 3 um wide. The capaci-
tance of the line is estimated from the expeorimentally deter-
mined sidewall capacitance [22]. The circuit delay time can
be expressed to a first order by

-G

tq=—+R.Cy,
8c

(52)

where g, =K'(Vg - Vy) is the channel conductance of the
driver in the linear region where K'is given by (51), Ry, is the
resistance of interconnect line, and Cy, is the total load capaci-
tance. Equation (35) is used to calculate Ry,. Fig. 14 shows a
dramatic improvement up to 200X of delay time for a boron-
diffused junction with silicide. For an arsenic-diffused junction,
the improvement is only a factor of 2, because the time delay
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is also limited by the intrinsic delay of the driver (C; /g, term).
From Figs. 13 and 14 it is concluded that the major benefit of
siliciding diffusion is a lower resistance of interconnect lines,
rather than superior performance of each device. The improve-
ment is larger for scaled-down devices and circuits because of
the increasing sheet resistivity of diffused junctions.

V. CONCLUSIONS

Due to larger series resistances associated with boron junc-
tions, the use of silicides is most beneficial to technologies
using p-channel devices although a speed advantage for n-
channel devices is still observed. In fact, it can be argued that,
in a scaled technology, the use of silicides on the diffusions
retains this partial level of interconnect that was lost due to
the engineering tradeoffs exercised in shrinking device geomet-
ries. Otherwise, the high diffusions sheet resistance values
obtained in a scaled technology would require an additional,
probably metallic, interconnect line to replace the diffusion
line.

The advantage of silicides is enhanced by new information
on the dependence of sheet resistivity on junction depth. It
was found that the diffusion sheet resistance increases much
more rapidly with decreasing junction depth than has been
assumed in previous scaling considerations [5], [6], [8]. Thus
in many cases the parasitic series source and drain resistance
will dominate the characteristics of circuits using small-
geometry devices,

In this paper it has been shown in Section III-A that the
contact resistance is width dependent rather than area depen-
dent for silicide lengths greater than the characteristic length
L¢ as shown in Fig. 3. In this approximation, as described
by (15), the contact resistance depends equally on both the
diffusion sheet resistance and the specific contact resistivity.
This result is consistent with results obtained by previous
authors [12], [14]. However, it was also found that in most
cases the contact resistance will dominate over the resistance
due to the silicide sheet resistance.

To a point, the use of silicides will eliminate much of the
parasitic source and drain resistance. However, not only does
the contact resistance have an explicit dependence on the dif-
fusion sheet resistance, it is expected that p, itself will increase
as junction depths decrease and sheet resistances increase [23] .
The latter is due to the reduced surface concentration of the
diffusions as a result of scaling the junction depth. These
phenomena together will serve to place a fundamental limit on
the extent to which the series source and drain resistance can
be reduced. Implicit in the above is also a fundamental limit
to device scaling.
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Abstract—Ton implantation has been widely employed to adjust the
threshold voltage of MOS transistors made on low-conductivity sub-
strates. However, the temperature variation of device characteristics
associated with the ion implantation has not been fully understood. In
this paper, an analysis of the effect of the ion implantation on the
threshold-voltage drift is presented, and simple but accurate design
equations for predicting the temperature coefficients of the threshold
voltages of implanted devices relative to those of unimplanted devices
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are given. Experfmental results from four basic types of devices exhibit
close agreement with theory. The analysis presented here is directly
applicable to the design of an on-chip NMOS voltage reference based on
the threshold voltage difference due to the ion implantation,

LisT oF SYmMBOLS

Cox Gate oxide capacitance per unit area, €5/fgx .
KT/q Thermal voltage, 26 mV at 300 K.

n; Intrinsic concentration, ~1.4 X 10'® cm™3,
N, Bulk demnsity.

Ny Enhancement acceptor implant density.

Ng  Depletion donor implant density.
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