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An Analytic I-V Model for Lightly Doped Drain
(LDD) MOSFET Devices

GWO-SHENG HUANG, STUDENT MEMBER,

Abstract—An analytic I-V model for lightly doped drain (LDD)
MOSFET devices is presented. In this model, the n™ region is consid-
ered to be a modified buried-channel MOSFET device, and the channel
region is considered to be an intrinsic enhancement-mode MOSFET
device. Combining the models of these two regions, the drain current
in the linear/saturation regions and the saturation voltage can be cal-
culated directly from the terminal voltages. In addition, the parame-
ters used in the channel region can be extracted by a series of least
square fittings. According to comparisous between the experimental
data measured from the test transistors and the theoretical calcula-

tions, the developed /-¥ model is shown to be valid for wide ranges of

channel lengths.

NOMENCLATURE
Vs (Vas) External gate (drain) to source volt-
age.
Vag Substrate bias.
ViVy) Intrinsic drain (source) voltage.
Vi(vh n”-n" junction voltage in the drain

(source) side.
Intrinsic gate—source voltage.
Intrinsic drain-source voltage.
Voltage drop in the n~ region near
the drain side.
Voltage across the gate and the in-
trinsic drain.

Va(=V, —Vy)
Ya(=Vi—VYH
Vir(= Vi = V)

Vg2(= Vg - Vé)

Vis(= V] — V,) Voltage across the n* source and
; the n"-n" junction.
Vu=V,—V, Voltage across the n* source and

the intrinsic drain.
Iy Drain current in the linear region.

L(w) Effective channel length (w1dth)
Loask Mask channel length.

Vig(Veg,) Flat-band voltage of the active

‘ channel (n~ region) device.
Dy inv Surface potential at strong inver-
' sion condition.
ox (Cox) Oxide thickness (capa01tance per
unit area).
€ (€ox ) Dielectric permittivity of the bulk

semiconductor (oxide).
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Empirical constants of the electron
mobility in the inversion layer of
the active channel device.

. Saturation velocity.

Critical electric field (E. = [ /8 =
Vi / )

Threshold voltage for biased con-
ditions (at zero drain voltage).
Maximum - electron mobility in the
inversion layer of the active

channel device.

Effective electron mobility of the
conducting charge in the bulk
(surface) of the n~ region.

Conducting charge density in the
bulk (surface) of the n™ region.

Effective electron mobility in the
channel region.

Doping concentration of the n™ re-
gion.

Junction depth of the n™ region.

Effective length of the spacer.

Effective overlapped length of the
n~ region with respect to the
gate.

Average (effective) capacitance per
unit area of the surface charge
layer in the n~ region.

(Effective) depletion depth of the

- bulk in the n~ region with re-
spect to the substrate.

Effective substrate concentration.

Built-in voltage of the n™—substrate
junction.

Effective depletion depth of the
substrate with respect to the n™
region.

Geometrical factor of the bulk in
the n™~ region for biased condi-
tions (at zero drain voltage).

Depletion length at the channel de-
pletion edge due to the n~ region
in the drain side.

Saturation source—drain voltage for
the whole device (in the channel
region).
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AL((ALy) Channel-length-modulation factor
in the channel (n™) region.

Ipsat Drain current in the saturation re-
gion. -

Lyt Drain current at the onset of the sat-
uration condition. '

Y, Depletion width in the chanmel re-
gion.

R, (R) Resistance of the n™~ region near the
drain—source side.

R, (R) Parasitic resistance of the ¢rain—

source.

I. INTRODUCTION

HE LIGHTLY DOPED drain (LDD) structure cin re-
duce the high-field effects in scaled down devices by
introducing n~ regions between the channel and the n*
source~drain [1]. Since part of the high electric field can
be absorbed into the n™ regions, the LDD MOSFET de-
vices exhibit higher breakdown voltage, flatter threshold
voltage versus channel-length relation, lower substrate
and gate currents, and lower channel-length modulation
effect’ [1], [2]. However, the n~ regions give large dara-
sitic resistances that can cause the reduction of device
transconductance and the increase of saturation voltage
[2]. These large parasitic resistances are bias-contmlled
and share the appreciable voltage drop, especially when
the channel length is short and the drain voltage is large.
In general, the behavior of the LDD structure can be
characterized by the two-dimensional numerical method
[3]. However, it consumes much longer computational
time and is very difficult and impractical for circuit anal-
ysis use in.a CAD system. Therefore, the analytic model
is- necessary to avoid the complicated computation. Re-
cently, Duvvury ef al. [4] have proposed an analytic -V
model in which the parasitic resistances of the n~ regions
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In this paper, an analytic /-V model is proposed, in
which the drain current can be calculated directly from
the terminal voltages and the parasitic resistances of the
n~ regions are bias/structure-dependent. In Section I, the
mobility and /~V models in the channel region developed
by Wu and Daih [6] are adopted. These models are well

_established and have good agreement with the experimen-

tal results. The parasitic resistance of the n™ region is de-
rived based on a buried-channel MOSFET model with a
modified charge-sharing scheme and an effective capaci-
tance. Combining these two models, the analytic expres-
sions in the linear region can be obtained. Moreover, the
analytical forms for the terminal saturation voltage and
the saturation current considering the effect of channel-
length modulation are also derived from the above models.
In Section III, we demonstrate that the parameters used in
the active channel region can be obtained from a series of
extraction techniques. In Section IV, comparisons be-
tween the experimental results and the theoretical calcu-
lations are made and satisfactory agreements are ob-
tained. In Section V, conclusions are given.

II. T I-V MODEL

The schematic diagram and the equivalent circuit of a
MOSFET device with an LDD structure are shown in Fig.

" 1(a) and (b), respectively. It is shown that an intrinsic

enhancement-mode MOSFET is placed in the middle and
both of the n~ regions are taken to be buried-channel
MOSFET’s. Note that R, and R, are the parasitic resis-
tances including n* diffusion, contact, and wiring series
resistances, which are considered to have constant values.

A. The I-V Characteristics in the Linear Region

The current équation for the intrinsic enhancement-
mode MOSFET in the linear region can be written as [6],
[10]

. ' 1
l"'nCoxW{I’gl - Ve(Va) — E_le} Vi

I =
4 aCy,

2651

are considered to have constant values. However, this
model is not valid for the I-V characteristics with different
applied gate and substrate biases. More recently, Lai and
Sun [5] have also proposed an analytic /-V model, in
which the drain current cannot be calculated directly from
the terminal voltages. This model is not suitable for cir-

Hn Cox W( Vgl

i 1
L{l + 5 [Vgi + Vr(Va) = 2(Vep + bimv) — 2 le:l + <TI + %) le}

= Vo — aVa ) Vai

(1)

where V5 (V) is the threshold voltage that is a function
of V,;; all other notations have been defined in [6].

In the linear region, the drain-source voltage is small.
Therefore, we may linearize the threshold voltage with
respect to V,; and the drain current can be expressed in
[10]

(2)

aCoy
2Esi

Ids =
L{l +

cuit simulation. In addition, the parasitic resistance of the
n~ region near the source is assumed to have a constant
value.

B
[Vai + Vo = 2(Vis + b5iay) — Vi ] + <77 + Z> le}

where a = 3 — k; b = 1 + k, and k is the slope of the
threshold voltage with respect to V,;; at zero drain bias.
The parameters used above can be obtained from a series
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Fig. 1. (a) The schematic diagram of the LDD structure; (b) the equivalent
circuit of the LDD MOSFET.

of extraction techniques as will be discussed in Section
III. :

Taking the n~ region to be a buried-channel MOSFET,
the drain current can be expressed as

dv(x)
P (3)

where Q) and Q; are the conducting charge densities in
the bulk and the surface, respectively.

It’s assumed that the drain voltage is small and the de-
pleted charges in the bulk of the n™ region are caused by
the substrate. Then, @, and @, in the drain side can be
expressed as

Qb = qu(rn - Arn) (4)
0O C(x)[ng V(x)] (5)

where C(x) is the effective capacitance per unit area of
the surface charge layer and is a function of position (see
Appendix A); Ar, is the depletion depth of the bulk in the
n~ region with respect to the substrate and is a function

Ids = W( "Lbe + nu’SQS)

It

- VFBn -

of the potential; N, is the average doping concentration in.

the n~ region.
Taking N, as the effective substrate concentration; Ar,
can be expressed by

A {2esiNa[Vbi + Vag + Vg + Vm]}‘” ()
r fomnd
qu(Na + Nd)

where V; is the built-in voltage of the n™—substrate junc-
tion and Vjg is the substrate bias.

Integrating (3) across the two ends of the n™ region near
the drain, the result is (see Appendix B)

Ii(4 + L) = Ary,) dev

3 Va2)Var] (7)

where C is the average capacitance per unit area of the
surface charge layer and depends on the structure of the
n~ region; Ar,, is the effective depletion depth of the bulk
in the n~ region with respect to the substrate. Note that

W[ BpqNg (rn -

+ ﬂsE(VgZ ~ Vign

1313

- ald =

1

m

AN S

AN

A\

=
p—

Fig..2. The schematic structure for calculating the geometrical factor of
the bulk in the n~ region.

the effective depletion depth of the substrate with respect
to the n™ region (W, ) can be obtained by multiplying the
factor N; /N, to Ar,,. The result can be expressed as

W, = l:zesiNd(Vbi + Vi + Vals)}l/2 (8)
4 qNa(Nd + Na) ’

As the drain voltage is large, the depleted charges exist
not only in the n~ /substrate junction but also in the
n~ /channel junction. From the concept of the charge-
sharing scheme as shown in Fig. 2, the depleted charges
in the bulk of the n™ region have the same amount of -
charges depleted in the substrate and channel regions
(which are plotted as the shaded region). Based on this
geometrical consideration, the conducting charge density
in the bulk of the n~ region expressed in (7) should be
modified as {7], [8]

qu(rn Arne) - qurnﬁJ (9)

where fb is the geometrical factor of the bulk in the n™
region and can be expressed as :

AZLd [(2(W, +r) - Yd]}

{Wd(l1 + L) +

fo=1-

Nyry(4 + L)
(10)-
where _ .
' AL
AL, = r,,[(l + = "> - 1]. (11)
Using the followiﬁg relations:
Var = L3Ry (12)
and
ng — Vign — %de
= Vgs - Vds - VFBn + Ids(Rd + %Rnd‘) (13)
we can get a quadratic equation for R, that is
AR, +BR,+C =0 (14)
where’
A, = IWp,Cly (15)
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Bl = W[,uqudrn‘ﬁJ + ”’sa(Vgs - Vds - VFBn + RdILE)]
(16)

Cl = _(ll + 12) (17)

In general, B? >> 44,C, and R, can be approximated
by
L+ :
Ry = p— ~.
Wl wegNa7afy + 1sC (Ve — Vi — Vg + RyI))

(18)
Note that the term Ry [;, cannot be neglected in the high-
current condition and can be approximated as
By CQXW
L
As expressed in (10), f;, is a function of the bias con-
ditions. By linearizing the geometrical factor at the zero

drain bias as the same method used for the threshold volt-
age [6], the result is

Ryly = (Ves = Vro) VasRy. (19)

Jo = Joo — SV (20)
where
foo =fo(Vas = 0) - (21)
and
df,
S = [— . 22
dVdS Vas=0 ( )

Putting (19) and (20) into (18), the resistance of the n~
region in the drain side can be expressed as

— L+
W[ modNa 1ufpo + ﬂsa(Vgs - VFBn) - GVds]
(23)

Ry

where

— w
G = ”‘qudrnS + /“’sc[l - Rd&i—cf}s_—(Vgs - VTO):|'

(24)

The resistance of the n™ region near the source side can
be derived by the same method. In the general case, V,,
— Vg, is much greater than I, R,. Therefore, the IR,
term can be neglected, and the result can be expressed as

L+ b

- W tgNarafio + s C (Vgs — VFBn)]. 29
Using the following terminal relations: ‘
Vo = Voo — I(Rys + R) = Vo — IsR,  (26)
and '
Vir = Vis = Li(Rug + Ry + Ryg + Ry)
=V, — IR, (27)
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the I can be calculated from the following equations:

A% + Byl + C, =0 (28)
and the solution is
1/2
—B, + (B] — 44,G)
I, = 2
A o (29)
where
aCyy B8
A, = 2. (bR, — R,,) — <n + z) R,
R,
+ = p,CoxW(aR, — Ry;) (30)

L

aC,

32 =1+ eo.x [Vgs + VTO - 2(VFB + d’s,inv) - des]

) B R N

+ <T] + z) Vg + Zt P‘nWCox(Vgs - VTO)

Vis

~ 7" #nCoxW(2aR, ~ Ry) (31)
) /'an xW
C2 = _—_ZO'—_—,(Vgs - VTO - ans)Vds (32)

andR, = R,, + Ryand R, = R, + R, + R, + R, since
Ay, B,, and C, are expressed in terms of the terminal volt-
ages. Therefore, the I, can be obtained directly if the ex-
ternal bias conditions are given.

B. The Saturation Voltage

As the drain voltage is increased, the electric field in
the channel region near the drain will reach the critical
electric field E. and will result in the saturation velocity
V,, for electrons. The saturation current at the saturation
voltage can be expressed as

Idsat = W/"effcox[Vgl - VTO - (1 - k)Vdsat]Ec (33)

where V., and p.g are the saturation voltage and the ef-
fective mobility in the channel region. Using Vg = Vi,
— Lig: (R, + R,), the I, term that includes the effects
of the parasitic resistance of the source can be expressed
by '

I _ Wi C [Vgs - VTO - (1 - k) Vdsat]Ec (34)
dsat — V¥ Pheffox 1 + Wi Cox ( Rs T Rns) Ec
From (2), I, can also be expressed as
Vs — Vro — aVisar) Visa :
Idsat = W/'Leffco ( £ r = t) 2 (35)

*L+ Wikese Cox(Rs + Rns) Vdsat.

Equating (34) and (35), the saturation voltage in the chan-
nel region can be solved by the following equation: /

A3Vc21'satv + BSVdsat + C3 =O (36)
where

A3 = (k - %) + %Ech'l‘effCox(Rns + Rs) (37)
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B3 = (1 - k)ECL -+ (Vgs - VTO) (38)

Cy= = (Vy ~ Veo)EL. (39)
The solution for (36) can be expressed by
_ 2 4-A 1/2

Vi = B, + (B3 3Gs) ' (40)

24,

Note that V,,, is calculated from the terminal voltage.
Putting (40) into (2), the saturation current (I, ) can be
obtained.

The saturation voltage in the terminal end (Vpgar) can
be expressed as

Vosar = Vs + Idsat(Rns + R, + Rnd + Rd) (41)

Putting (23), (25), and (40) into (41), the Vpgsr can be
solved by the following equation:

AVisar + ByVpsar = C, = 0 (42)
where
Ay = WG (43)
B, = W{ 1aNg o foo + 1€ (Ves ~ Vipn)
+ G[Vdsat + Idsat (Rs
+ Ry + R} (44)
G = “W[Ilqud”nfbo + Msa(Vgs - VFBn)]
. [Vdsat + Idsat(Rs + Rns
+ Rd)] - Ia’sat(ll + 12)- (45)
Note that G in (43) and (44) has been given in (24).
The solution for (42) can be expressed by
~B, + (B} — 44,C))'?
VDSAT _ 4 ( 4 4 4) . (46)

24,

From (46), it is clearly seen that the saturation voltage
(Vpsar) is also expressed in an analytic form and can be
calculated from the terminal voltages.

C. Chanhel—Length Modulation

In the saturation region, the pinchoff point will move
toward the source side as the drain voltage is increased.
Therefore, the effective conducting length of the inver-
sion layer in the channel region becomes shorter. This
phenomenon increases the slope of the saturation corrent,
especially for the short-channel devices. Due to the n™
region, the space-charge region may extend into the n~
region near the drain, then, part of the voltage is shared
by this region. Therefore, the channel-length-modulation
effect should be less pronounced as compared to that of
the conventional devices. The diagram showing the
pinchoff point is shown in Fig. 3.

The current in the saturation region, considering the ef-
fect of channel-length modulation, can be expressed as

Idsat
AL,
1 _ 2
L

(47)

Ipgar =

‘gion; AL,
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drain

Fig. 3. The schematlc diagram for showing the channel-length-modulation
effect.

where Ingap is the saturation current in the saturation re-
can be calculated directly from the terminal
voltage and is shown in Appendix C. Note that AL; is
equal to zero at the onset of saturation condition.

1. EXPERIMENTS AND PARAMETER EXTRACTION
TECHNIQUES

A. Fabrication Data and Measurements

Experimental Si-gate n-channel MOSFET’s with LDD
structures were fabricated by using a set of test structures
with the mask channel length varied from 2 to 12 xzm and
a mask channel width of 55 ym. The silicon substrates
used were of {1, 0, 0) orientation and the resistivity
range was about 15-25 Q-cm. The device fabrications
were carried out in a production line of the Electronics
Research and Service Organization (ERSO), Industrial
Technology Research Institute (ITRI), and the process se-
quence ‘was quite standard. The double-channel-boron
implantations were performed by using the shallow im-
plantatlon with an energy of 25 keV and a dose of 7.5 X

10" /cm? and the deep 1mp1antat10n with an energy of 150
keV and a dose of 4 x 10"'/cm’®, all through the gate
oxide with a thickness of 250 A.. The over-etching tech-
nique for the polysilicon gate was’taken to obtain the sub-
micrometer-channel-length devices. The n™ regions of the
LDD structure were formed by implanting the phosphorus
ions with an energy of 30 keV and a dose of 1 X 10" /cm?.
After depositing the CVD oxide on the polysilicon gate,
the sidewall spacers were formed by using directional
RIE. Then, the source~drain n* regions were 1mplanted
with an energy of 60 keV and a dose of 6 X 10" /em?.

The gate oxide thickness (250 A) of the fabricated
LDD devices was measured by the controlled sample after
the gate oxide growth using an ellipsometer and checked
by the fabricated MOS capacitor using the C-} measure-
ment. The junction depths of n~ and n™ regions and the
width of the spacer were measured by the auto-spreading
resistance probe and SEM cross section analyses. The
junction depth in the n™ region (r,) is 0.25 pm and that
in the n* region (R;) is 0.35 pm. The spacer width (/,)
is about 0.45 um and the lateral n™ diffusion depth (/,) is
about 0.2 um. The threshold voltages and I-V character-
istics of the fabricated LDD devices were measured by
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TABLE I
THE EXTRACTED PARAMETERS I'OR SIMULATING THE THRESHOLD VOLTAGES
T _(A) | Nyo(em o) | N, lem™d) N, (em™)
ox AB AS aD Y {(um) Wy {pm) R. (um) Von [\1a]
J
250 9 x 10 Y 4.77 x 10*® | 8.33 x 10 51 o.155 { o0.48 0.35 | -0.745

using a microcomputer-controlled HP-4140B picoampere
meter.

B. Parameter Extraction Techniques

1) Paramieters in the Threshold Voltage: The thresh-
old voltage (Vo) of the fabricated LDD devices was de-
termined by the extrapolation of the linear conductance
with respect to different applied gate voltages with a low
source~drain voltage (50 mV ). Using the threshold volt-
age model developed by Wu ez al. [8], the parameters in
the threshold voltage model including V; and the channel
doping profile with the step profile approximation for the
double-channel-boron implantations can be easily ex-
tracted from the fabricated long-channel MOSFET by
using the measured threshold voltages under different sub-
strate biases, as described in [8]. The extractéd pa rame-
ter§ are listed in Table I. From Table 1, the extracted N, Y,
product is 7.394 x 10" /cm?, which is qu1te close to the

implanted boron dose of 7.5 X 10" /cm? for the shatlow
implantation through the 250- A gate oxide. Similar] y, the
extracted N,p W product is 3.998 x 10'! /crn which is
in excellent agreement with the implanted boron dose of
4 x 104 / em? for the deep 1mplantatlon Based an the
extracted parameters, qf)s v ¢an be computed by the model
in [8].

2) Other Parameters in the Channel Region: In order
to extract the parameters in the channel region, the bias-
controlled éffects of the n~ region must be eliminated.
Therefore, the parameters in the channel region ruust be
extracted from the fabricated long-channel MOSFET de-
vices with a lower gate voltage and a low sourcz—drain
voltage, for example, 0.5 < V,, — Vyp — 3V, = TV
and ¥, = 0.05 V. In this case, the resistance in the chan-
nel region is much larger than that in the n~ regicns, and
the parasitic resistances can be considered to have average
values. At lower source—drain voltage (V, = 0.05 V),
the source—drain current is about in the microampere range
and the voltage drop across the n~ regions can be ne-
glected, i.e., = Vgs, Va = V. Under the above con-
ditions, the total resistance can be obtained from (1) and
1§ written as

L
Wi, Cox

=R + R +R%+R
Ra nd T Ra ¥ 2Wune51

oCuy

1+ [VTO — (VFB + ¢s mv)]

— VTD

si

Vv

gs

(48)
- %Va’s

| WAFER NO.=Lop -1
Vds = 0.05V
" Vs6 =0V

tmask =12«

Ry {Kohm)

(Vgs ~Vy - Lvas 1! (volt™)

Fig. 4. The Ryversus (Vo ~ Vi — 1/2 V) ! relation for different mask

lengths.

where R and R}, are the resistances of the n~ regions at
zero drain voltage, and V7o, Vip, and ¢, iy, have been de-
termined from the threshold voltages.

Plotting Ry versus (V,, — Vo — 3V4) " for different
mask lengths with the same channel width (W = 55 um),
a set of the straight lines can be obtained by the least
squares method as shown in Fig. 4. The slope (named
SLOPE1L) and the intercept in the vertical coordinate
(named CUT1) can be expressed as

t L aC
SLOPE1 = . {1+ Z Vo — (Vig + s.imy }
Wa. Co " (Vro = (Vig + b4.imv)]
(49)
0 Lo
CUT! = R% + R, + R% + R, + - (50)
2W Moy €si

where L = L,.q — AL is the effective channel length;
L. 18 the mask léngth.

Using the same method for the CUTI versus Lmask re-
lation as shown in Fig. 5, the slope (named SLOPE2) and
the intercept in the vertical coordinate (named CUT2) can
be written as

o

LOPE2 = . 51
SLOP 2I'V""nesi ( )
AL
CUT2 = R%, + R, + R%, + R, ~ ———  (52)
2W.u'nfsi
Taking
, 1
a = (VFB + &, mv) (53)

WIJ'IECOK v W/"’n Sl
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TABLE I
THE EXTRACTED AND AFTER-ADJUSTED PARAMETERS USED IN THE
CHANNEL REGION

- . . ) 2
ol Zfome) | alayw) | AGm) | ndl/d Blan) | Ry Ry@ | Megs(om/v-s)
From Parameter . 7 - .2 A 5 0_5
Extraction 593.05 - | 8.00 % 10 1.33 2.05 x 10 .51 x b1 13 556 .
After - -7 -2 -5
. 8. . . . o -
Adjustments 570,00 | 8.00 x 10 1.32 | 2.05 x 10 4.80 x X 13 550
0.25, . 0.5 -
| WAFER NO.=ipp -1 WAFER NO.=(Lop-1
0.20F
2 0151 N
t >
& P =
= o
— =
= 0.10Lr— <
(& e
L
0.051-
g 4 i )’ { 1 L M B S TS 0 2 L " A s
0§ g - i0 » 15 0 K ¥ 3 04
temask (um) 170 (17um)

Fig. 5. The CUT1 versus L,q relation to obtain CUT2 and SLOPE2.

L WAFER NO.=Lop -1
a
PN
>F: L
Y
o |
= |
&
~ st
g |
9 L
m' -
'-:-AL—-« -
g 5 1 16 s

Lmask (um)

Fig. 6. The SLOPE!L (a + o / e wn,; Vi) ™" versus L, telation. AL can
be obtained from the intercept in the horizontal coordinate.

and applying the least squares method again to the
SLOPEL1 versus (a + aVro/ Wi, €) * Laas relation, AL
and a can be determined by the 1terat1ve calculations and
the SLOPEL - (a + oVyo/Waaes) ! versus Ly, rela-
tion is plotted in Fig. 6. Using (51) and (52), p,, o, AL,
R, (= RS + R, + RY, + R,) can be solved. The ex-
tracted parameters are given in the second row of Table
II. .

For 1ong ~channel devices, the major part of the voltage
drop is in the channel region and the resistances of the n”~
reg1ons near the source—drain can be assumed to be the
same, i.e., Ry, + R, = R}, + R; = R, /2. To determine
the parameters y and §, the drain current is measured for

Fig. 7. The AT versus L~ relation to obtain 5 and 8.

each of the long- channel devices (Lpasx = 4 pm) at the
drain voltage less than the saturation voltage. Using (2),
(26), and (27), we can obtain the value of AT( =% + B/L)
for each deVICe with different channel: lengths. Plottmg
the AT versus 1 /L relation as shown in Fig. 7, 7 and 8
can be obtained from the slope and the intercept in the
vertical coordinate. Therefore, the critical ﬁeld and satu-
ration velocity can be determined by E. =8 'and Vy =
Pn / B '

The sum of contact Tesistance and spreading resistance
due to the.n* diffusion islands (R, + R;) was extracted
from the fabricated devices without n™ spacers by usmg
the extrapolation method as shown in 2) for R0 =R% =
0 and the extracted R;( =Ry ) is listed in Table II. The
effective mobility ( peg) used in (35) was obtained by
using the average value of the effective moblhty with the
extracted parameters for the gate voltage changed from 0
toSV.

3) Parameters in the n~ Region: Since the parameters
r,, 11, and [, were determined by the SEM Cross. section
and spreading analyses, the average doping concentration
in the n~ region can be estimated by the measured doping
profile and the average value for a step profile approxi-
mation is Ny = 2.5 X 1017/cm as shown in Table III.
The calculated effecth dose in the n™ region (N,r,) is
0.625 x 10" /cm?, which is in reasonable agreement with
the total phosphorus dose of 10"/cm” implanted across
the gate oxide with an energy of 30 keV. Based on the
known N, value, the average mobility in the bulk n~ re-
gion () caii be obtained from the following empirical
expression [11}:
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TABLE 1II
PARAMETERS USED IN THE n~ REGION
(en? fy-5) (em?/v-8) | No(em™2) | r (u ) | 1wy Lotu ) | Ve
up (e /v Hglom /v=s Ngtem n'Pm 1'%, 2'¥n FBn
542,74 542.74  |2.5 x 1017| o0.25 0.45 0.2 ~0.5
1360 — 92 , 1-5"WAFER NO. = Lop -1
My = oo 4+ 92. (\54) | » measured Ve =
N, ’ calculated 5
1+ {55 | Vs = 0.05V —
1.3 X 10

The calculated g, is 542.74 cm?/V - s, which is shown
in Table III. For simplicity, the surface mobility in the
accumulation layer of the n™ region ( u,) is assumed to
be the same as the calculated u,. The average doping con-
centration in the channel region (N, ) is chosen to be Ng
+ N,g, which is equal to the average doping concentra-
tion in the channel for shallow boron implantation. How-
ever, the average doping concentration (N, ) under the n~
region is chosen to be N,p + Nz, which is equal to the
average doping concentration under the gate for deep bo-
ron implantation when r,, + W; < Y, + W,; when W, >
Y, + W, — r,, the average doping concentration under thie
n~ region can be calculated by N, = [Np (Y, + W, -
r,) + N W1/ W,;, which may occur as the backgate is
large. The flat-band voltage in the n™ region (Vgg,) 18
determined by the best fitting in the low drain current an:
is found to be equal to —0.5 V. The major contribution
of Vg, is found to add an offset current at low gate volt-
age for the I-V characteristics.

IV. CompraRIiSONS BETWEEN EXPERIMENTAL RESULTS
AND SIMULATIONS

As described in Section III, the parameters in the
threshold-voltage model [8] for double-channel-boron im-
plantations have been extracted from the fabricated long-
channel MOSFET’s. Similarly, the threshold-voltage
model developed in [8] for short-channel devices can be
used to simulate the threshold voltages of the fabricated
short-channel LDD devices. Using the parameters listed
in Table I, comparisons between the measured threshold
voltages and the simulation results are shown in Fig. 8,
in which the shortest effective channel length is 0.68 um.
It is clearly seen that satisfactory agreement has been ob-
tained for wide ranges of channel lengths and applied sub-
strate biases and the discrepancy for shorter channel-
length devices operated at higher substrate biases is mainly
due to the simplified charge-sharing scheme used in the
threshold-voltage model.

In order to simulate the I~V characteristics of the fab-
ricated LDD devices, the extracted parameters shown in
Tables I and I should be used. However, two parame-
ters ( p, and B) listed in Table II have been slightly ad-
justed in order to have the best fittings for the I-V char-
acteristics of shorter channel-length devices, and the
adjusted parameter values are given in the third row of
. Table II. The slight adjustments for u, and 8 are under-

*e 2V
Z 1.0 — 1V
g
- *
*— OV

0.5 L 1 s 2
0

G-

10
L (um)

Fig. 8. Comparisons between the measured threshold voltages and the the-
oretical calculations at V;, = 0.05 V.

4
| WAFER NO.= Lob -1
| W/L=55/10.68 ! .VG.5=_SY
L VBG=0V S
LA measured
| calculated
- 5V
=+ 7 T
E 2
5 4
' 3V
I g — 2V
0 i J - v
4] 2 4 [

Vds (V)

Fig. 9. Comparisons between the measured and calculated -V character-
istics for L = 10.68 pm with Vye = 0 V.

standable because the original u, and 8 values have been
extracted from the fabricated long-channel devices and the
hyperbolic mobility model used has been known to over-
estimate the scattering-limited velocity (V; = p,/5) for
shorter channel-length devices if the extracted u, and 8
values are used. Therefore, the slight adjustments for u,
and B will slightly sacrifice the simulation accuracy for
long-channel devices but will produce better simulation
results for shorter channel devices. Figs. 9 and 10 show
comparisons of the I~V characteristics between the exper-

* imental data and the developed model for longer channel

lengths (L > 4 pm), in which the asterisks shown in
the figures indicate the calculated saturation voltages for
the corresponding gate voltages.' Similarly, comparisons

for shorter channel lengths (L = 1.18 and 0.64 pm) are

shown in Figs. 11 and 12. It is clearly seen that agreement
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HVAFER NO. =Lpp -1
W/L=5514.68
VeG =0V
» » o Measured
calculated

Ves =6

Tds (mA)

Vds (V)

. Comparisons between the measured and calculated I-V charac-
teristics for L = 4.68 pm with Vze = 0V,

15

WAFER NO. = Lpp -1
| wri=55/1.18
L

Vec=0QV
« o o _Mmeasured
cafculated

Vds (V)

Fig. 11. Comparisons between the measured and calculated /-V charac-
teristics for L = 1.18 pm with Vy; = 0 V.

T

L. WAFER NO.=Lpp -1 Ves=6
I W/L=557/068
I Vee =0V
|- e+ measured ' S
L calculated NSRS
12—
< r S T
E }
3 | -
s N T
0_ T T T T f HE T
0 2 4 [
Vés (V)
Fig. 12. Comparisons between the measured and calculated I-V charac-

teristics for L = 0.68 um with V3, = 0 V.

between the experimental data and the simulation results
becomes better as the channel length is reduced, as ex-
pected from the adjusted 8 and u, values. Note that for
all simulated channel lengths, the maximum error is no
more than 9 percent and the global error is less than 5
percent (only 3 percent for L = 0.68 um). In order to
show the effects of substrate bias on the I~V characteris

1319

WAFER NO.=Lop -1
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Fig. 13. Comparisons between the measured and calculated I~V charac-

teristics for L = 0.68 um with Vyg = 1 V.
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Fig. 14. Comparisons between the measured and caiculated I-¥ charac-
teristics for L = 0.68 um with Vyg = 2 V.

tics, comparisons for an effective channel length of 0.64
pm with different applied substrate biases (V35 = 1 and
2 V) are shown in Figs. 13 and 14. Similarly, satisfactory
agreement between the experimental data and the simu-
lation results is obtained for different applied substrate
biases. The global error for Vz; = 1.0 V is 2 percent and
that for Vgg = 2.0 V is 3.5 percent.

V. CONCLUSIONS

In this paper, an analytic /-¥ model for MOSFET’s
with an LDD structure has been developed by considering
the n™ region as a modified buried-channel MOS device
and the channel region as an intrinsic enhancement-mode
MOSFET. Although the developed model looks compli-
cated, it is a structure/process-oriented model. Moreover,
the drain current is explicitly expressed in terms of ter-
minal voltages and, therefore, the drain in the linear/sat-
uration regions and the saturation voltage can be directly
calculated from the known terminal voltages. In order to
verify the accuracy of the developed I-V model, the test
devices with the LDD structure fabricated by a standard
process have been measured and the methods for extract-
ing the model parameters are presented. It has been shown

that satisfactory agreement between the experimental -V
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Fig. 15. The schematic diagram for calculating the effective capacitance
{C(x)) for the surface charge layer in the n™ region.

characteristics and the simulation results has been ob-
tained for wide ranges of channel lengths and applied
biases by using a set of parameters. Therefore, the devel-
oped model can be used for device design and circuit 2nal-
ysis in a CAD system.

APPENDIX A
Assuming that the line of the electric field is straight as
shown in Fig. 15, the normal electric field at the sur’ace
of the n™ region with respect to the gate can be expressed
by

eOK( y + tOX)

Ey(x, =
) S G

[VgZ - _VFBn - V(JC)]
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the maximum electric field can be expressed as

€ox
Z [Vg2 - VFBn - V()C)]

= C(x) [VgZ -

max Ey (x)

Ve = V(x)]  (A4)

where C(x) is the effective capacitance per unit area for
tx =< x < [;. For0 = x < t,,, the maximum electric field
is obtained by yy = #,,. For —l, < x = 0, the electric
field is assumed to be uniform along the n~ region. Then,
the effective capacitance per unit area can be expressed as

Sox ~L<x<0
Tox
Eoxl :
Cx)={ 2% 0=<x=<t¢ A5
( ) x2 + tox2’ QX ( )
€
—29;‘, tw < x < 1.
APPENDIX B

From (3)-(6), we can get the following results:

Vaz
Li(h +4) = W[,”'qud (’anz - Xo A"ndV>

1
5de> de]

+ M56<Vg2 - VFBn -

(A1) (B1)
Tt is assumed that the effective capacitance is defined at ~ Where
the condition of the maximum electric field with respect . 12
to y. Using 2 2e5N, R ALY
. o Ar,,dV = —3— m [(Vbx+ BG+ d3)
a
dEy ‘ 32
7}7 Y= =0 (AZ) — (Vi + Vag + V) / ]
2e4 N, 12 1/2
and =\, + V) (Ve +Vao+Va) "V
d a
Yo =X — Inx (A'S)
— = Ar,Vy, (B2)
and
Vaz . ‘
SO C(X) [Vg2 — VFBn — V(X)] 1714
C= Vaz
SO [ng - VFBn - V(}C)] dav
It
S Clx)(x + L) dx
—l
= I
S (x + 12) dx
—b
€ox 12 7 b A
t—~ l2 + ontox In (2) + _8;_ + €ox (ll - tox) + l2 In t—
_ [0).4 [0).4 . (B3)

(L + 12)2
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Note that (B3) is derived by considering the case that the
n~ region is partially overlapped by the Si gate. For the
extreme case that the n~ region is just outside the silicon
gate, (B3) is still valid and the result can be obtained by
setting I, equal to zero. For the case of J; = 0, the average
- capacitance is equal to the gate-oxide capacitance.

AppeENDIX C
Referring to Fig. 3, the one-dimensional Poisson’s
equation in the pinchoff region can be expressed as fol-
lows {9]. For —AL; = x < 0, we have

avix) 1 L J(x)}
R € gN4p + v, (C1)
I(x) = (c2)
Wy(x)
r,—d
y(x) = —*Bz—l—‘x + Fu (C3)
For0 < x < AL,, we have
av 1 J(x)]
de* € [-qu " Va (c4)
- Lot
J(x) = wr, (cs)

where d is the thickness of the inversion layer that can be
calculated by
kgl

d = m (C6)

‘where the surface electric field ( E,) can be calculated from
(31.

. The boundary conditions can be written by

dav
v = Vo 32 - F
(x) x=—~ALy deat dx x=—AL ‘
dv av
lx=0 a1 drli_g-  dX)_g
L dv
VOl =V 5| =E. ()
Ix—ALZ 0 dx x=Alp

Using the boundary conditions in (C7), Poisson’s equa-
tion can be solved and the result is

' A 1 A?
Vi — Vi = Ec<1 - B) AL + — (c — ——) AL

€ 2B
(C8)
where
A= gNg + — Lisa In{2 (C9)
WVsl (rn ) d
- Idsat’
B = —¢gN; + —— (C10)

Wi sitn
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() -(- %ﬂ-)

It is assumed that the resistance of the n™~ region near
the drain where the electric field does not reach the critical
field E. can be approximated by
L+ 5L — ALy,

L+

qNAB Idsat U

C =
2 WVsl(rn_d)

Rua = Rug (C12)

where R, is equal to the resistance at the saturation volt-

age.
Using Vo = Vo — L (R + Ry + Ry + Rpg), AL
can be solved from the following equation:
Vds - Idsat(Rs + Rns + Ry + Rnd) -

- IdsatRndA
(L +5L)B

1 A?
— — AL
esi<c 2B> L
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4
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