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A General Approach to Compact Threshold Voltage

Formulation Based on 2-D Numerical Simulation and

Experimental Correlation for Deep-Submicron ULSI
Technology Development
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Abstract—A unified compact threshold voltage model is devel- deep-submicron CMOS ULSI technology development. The
oped, which accounts for the normal and reverse short-channel approach is based on the following basic assumption (or belief):
effects with full range of body- and drain-bias conditions, and  Apg|ytically-derived equations incorporate device physics but
has been verlflec_i with experimental data_ o!own to 0.1&m. T_he usuallv cannot model complex devices for a wide ranae of
model only has five process-dependent fitting parameters with a . y . P ’ . g
simple one-iteration extraction procedure, and can be correlated Variables because of the idealized assumptions that have to be
to process variables for aiding new deep-submicron technology made; whereas the 2-D numerical model (even noncalibrated)
development. The approach to the model formulation is original can provide useful information on the structural nonuniformity
and general, and can be extended to other key device performance 5,4 carrier transport nonlinearity, which is supposed to be a
parameters. ) _ good approximation of the real device. Whenever experimental
re\'/g‘:seé‘ gﬁggi;gr?&ﬁ’icff‘ergt(’dser:g‘r?:cggﬁﬁj“:fg;ch’\ﬂgsTE;;_ data are unavailable or inaccessible, TCAD can be used to
nology development, threshold voltage. aid model_formulgtlon in finding th_e “gl_obal” f_u_nctlonallty to

cover a wide variable range, leaving “insensitive” parameters
for empirical fitting. Nonphysics-based models that require
. INTRODUCTION curve fitting for parameter extraction are, in general, not useful,

HERE exists a variety of definitions, models, and methodiit empirical fitting is inevitable if the model is to be applied
for measuring or extracting the threshold voltage) of 0 real deep-submicron devices. If the model such developed
a MOSFET. However, few analyti¥; model [1] exists that (as opposed to analytical derivation or nonphysical fitting) can
can accurately predict deep-submicron gate-length dependef¥er @ wide range of variables with reasonable accuracy, the
threshold behavior, including; roll-off [due to short-channel behavior of the real device can be predictedriigrpolation(as
effects, (SCE’s)] and roll-up [due to reverse short-channel &pposed to TCAD calibration and extrapolation). Furthermore,
fects, (RSCE’s)], with a full range of draifV{,) and substrate if the model parameters can be correlated to process variables, a
bias (,5) conditions. Although technology computer-aided delery ef_ficie_n'_[, empirically-based model will then be extremely
sign (TCAD) tools are becoming more popular in aiding neiseful in aiding new technology development.
technology development, they require significant efforts in tool
calibration and, very often, are difficult to extrapolate to regions [I. M ODEL FORMULATION

where the process/device models are not well calibrated or in—.l_hiS section presents the general approach (not just the equa-
valid. Compact models for circuit simulation, such as the BSII}/iI P 9 pp J q

. . . ons) used to formulate the compact threshold voltage model
model [2], are empirically-based and efficient, but require ®%5r nMOSEET based on the experimental data of an Qu26-

traction of a large number of parameters. Therefore, they K10s logic technology as well as the simulated data of the

not meant for use by technology de_vel(_)pers SINcEe process V%[)'rrespondlng devices using MEDICI [3] within the drift-dif-
ables, such as implant dose or oxidation temperature, are pot h ; .

- usion formalism. The experimental devices cover drawn gate
expressed explicitly.

lengths {,) from 10 pm down to 0.18um, with gate oxide

This paper presents a general approach to formulati . : . g
compact threshold voltage model based on a combined two—gi%—(:knesS () of 59 A and lightly-doped drain (LDD) junc

. ) . ) L Vo-fion depth ;) of 75 nm. Various device structures are created
mensional (2-D) numerical simulation, empirical formulation

: : . : L .. With Gaussian-shaped channel and S/D doping profiles as well
and experimental correlation, with the main objective of a|d|ng : ' . .
s lateral Gaussian profiles to simulate boron pile-up due to

pocket-implant for the observed RSCE [4].
_Manuscnpt received August _25, 1998; revised July 1, 1999. The review of Both measured and simulatdgs—VgS data at various/y,
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Threshold Voltage, V, (V)

Fig. 1. Macromodel view of an nMOS transistor. All the major physical and
empirical parameters of the proposed model are depicted and explained in the
paper.

Vus), the threshold voltage is defined as the gate voltage when
I;,, = I..;+, where the critical current is the drain current at
Vas = Vio. This modified constant-current definition (known
as “critical-current at linear-threshold”) [5] not only avoids the
arbitrary choice in the normal constant-current definition/gf

but also provides a consistent and unique definitiok,dbr all
intermediateV,;. More importantly, it gives a consistent value
for linear and saturation threshold voltages for every transistor
of the same gate length.

The macromodel view of an nMOS transistor (our “mental
image of reality”) is shown in Fig. 1, which illustrates all major
physical parameters and variables used in our compact
model. The general idea is to retain the simple one-dimensional
(1-D) form of the idealV, equation while building the 2-D
SCE in the channel charge, surface potential, and effective
channel doping. In essence, this is to “derive” (or “formu-
late”) a V; model based on ththeoretical(surface potential)
definition to match that based on tiheeasuremenf(terminal
current—voltage 1=V)] definition. This is different from the
approach [6] of “defining” a/; with all SCE’s included, and
then, measuring (or extracting) the model parameters based on
that definition. The following is a brief outline of the way our
model is formulated.

» The theoretical; definition of long-channel, uniformly-
doped transistors with substrate dopi¥g,;, is used as the
basis of thel, model.

* N.u is modified to account for the nonuniform channel
doping profile (V.;,) for long-channel devices, character-
ized by two parameters, peak doping,) and peak loca-
tion (&,,) [7].

» The charge-sharing model [8] is included to account for
SCE with a fitting parametex.
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* The potential barrier lowering effect at short channel [ ]me with others taking their nominal values (dotted lines).

is added with a fitting parameterto model the character-
istic lengthl,,.

* RSCE is modeled by adding a boron pile-up charge
(Npite), Which relates to the channel doping/4,) by
a fitting parameters, to the effective channel doping
(Ne) with a characteristic lengtly modeled by a fitting
parameteg.

215

ig. 2. The compact; model behavior. One fitting parameter is changed at a

* V; dependence ofv,, (body effect) andV,, (drain-in-
duced barrier lowering, DIBL) are modeled by first-order
linear approximations of the fitting parametetsand
(a, ), respectively.
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« Effective channel length/{.g) is related to the drawn gate  Next, the charge-sharing model [8] is applied to model the
length (L,) by a simple relationship with a fitting param-SCE onV,
etero. X
It should be emphasized that the fitting parameters in our Vi = Ve + és + 7V ¢s0 — Vis <1 AT 4 ) )
model all have their respective physical meanings. off

The theoretical definition of the threshold voltage where
2es;
Vi=Vre + ¢s0 + 7V ¢s0 — Vis (1) Xa =6V 0 — Vos, <= S (3a)

chh

is based on the "strong-inversion” condition, i.e., the surfaGg {he channel depletion width,.; is the effective channel
potential is twice of the bulk Fermi potential length, and) is the second fitting parametef, and ¢, are

buo = 205 (1a) the surface potentials for short- and long-channel devices,
respectively.
where From the result of the quasi-2—D model [9], it is derived that
the surface potential barrier in short-channel device is lowered
bp = kT In <M) (1b) by A¢, due to the S/D finger fields such that it is smaller than
q g 2¢p at strong-inversion condition
is the bulk Fermi potential bs = oo — Adps = 265 — A, (4)
y= —\/2‘?5;1]\751“’ (1c) Where
or 1 1
is the body factor, and Aps = <VbZ — 0t 5 Vd5> cosh(Luz/20) (4a)
1 Nis with a characteristic length
Vin = b — (x+ 3 Bo+on) - 0 g 9

lo = g — Vis)* (4b)
is the flat-band voltages,,, is the poly-gate workfunctiony,

the fixed oxide charge density, the electron affinity,E;, the andc is the third fitting parameter.

energy bandgap, the intrinsic carrier concentration, and LT N,uN.
i w:—m( ! ) (40)
CO.’L‘ == (le) e K
tox is the S/D built-in potential andy,,, is the doping concentration
is the gate oxide capacitance. Verification of the relationship the LDD region. In (4b),
between (1) and the maximup; definition of V; has been LT N,
established through numerical simulations [7]. do=2—1In < ‘ L) (4d)
: : - q ni
To account for the nonuniform channel doping profiles, all
Naup in (1) are replaced by is the long-channel surface potential at strong inversion. It is
) found that potential-barrier lowering is needed in addition to the
Nen = Nior(1 = nRy) (2)  charge-sharing effect since they describe different contributions

to the observed SCB/ roll-off).
To model the RSCE, we assume that it is due to the 2-D boron

Nipt = Nows + N, (2a) pile-up, which modifies the channel dopidg,;, [4]. Although

our ideal MEDICI devices with lateral Gaussian pile-up profiles
with two parameters, peak dopinyg, and peak locatiorz,, can predict the observed RSCE quite well, there is obvious no
to characterize the final long-channel doping profile. Equaticgimple analytical solutions [1]. To retain the simple 1+Dfor-
(2) is developed through fitting; equation to a large numbermula, it is assumed that a pile-up chaiyg;;. is added to the
of MEDICI data with differentV, andR,, values. Through ana- effective channel doping

where

lytic derivation [7] and numerical fitting, the following “global” Ny
function for, has been found: Neg = N + COSh(me (5)
n= 1 <1 — Nsub> (2b) Which is modulated by a channel-length dependent function
3¢ Niot analogous to the quasi-2-D model solution (4a), and the

wherec is the first fitting parameter, which is “insensitive” tocharacteristic length

a Iarge range oV, andRp' values. Sin_ce no mgasured profiles Iy = B¢l — Vis)% (5a)
available from the experimental device¥,; will be used as ’

our first fitting parameter in this work. The validity of (2) hasfor the pile-up charge is controlled by the forth fitting parameter
been verified with a set of MEDICI simulation data [7], which3. This assumption is purely intuitive and empirical. Through a
is more applicable to surface-doped devices. lot of fitting to the measured and simulatéddata, it is found
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12 Wafer #15 model the lateral diffusion of LDD junctions, which can usually
be fixed at 0.7-0.75. Complete modelinglaf; has been pre-
sented elsewhere [10].
The final compact; model, including SCE and RSCE as
well asV,, andV,, dependencies, is given by

1.0 1

0.8 -
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o
[e2}

0.4 - o ® Vbs=0,Vds=0.1 1 N, 1
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Fig. 3. Parameter-extraction procedure, with four measurements and four Ler V gNeg

steps, as explained in the text.

that the ratio ofV,,;;. to V., is always relatively constant. It iswith only five fitting parameters: N, A, «, 3, and

then decided to express k. The major physical parameters in this model are
toz, iy Om, Nss, Nsq, Np, and R,. The principal vari-
Npite = kNen (50)  ables arel,, V., andVy,.

. " The behavior of the developéd model is shown in Fig. 2
and usex as the fifth fitting parameteiN.g of (5) should re- as one of the five fitting parameters is varied with others taking

plage allNer, in the previous eqqatlons [_excemo of (4(_]') to their nominal values. Itis observed that oi¥y;, influences the
avoid convergence problem during nonlinear regression]. T%

bhg-channeV;, (parallel shift of theV;—L, curve) while others
RSCE-model development demonstrates a general approac ntfg ¢ (p t—g )
t

rical f lation i bini wiical and : affect the short-channel behaviarmodels the amount of
:(r)rl]lﬁ)tlircl)%as ormulation in combining analytical and numericay; . o (due to charge sharing)x influences the onset of

. V; roll-off (due to lateral spread of surface potential change).
To model the body effect, it is observed from the measur%élcontrols the onset o, roll-up (due to lateral spread of the

and simulated’; (Vi) — L, data that the amount &, roll-up . .
9 - pile-up charge) with no effects on long- and short-chafhetk
(RSCE) reduces and diminishesiags becomes more Negative. jatermines the amount &f roll-up (due to the magnitude of the

(This is contrary to what was observed in [1].) This can be e ile-up charge) with little effects on long- and short-charifel

glal?eq by r?ur S|mplg model in Wh'Ch thg “effect;:/.?e"j(\:fhann hese behaviors can be and are all well explained by the physics

dep etionc d"’tlrgbeN]f.h) |(r;c|r3ease_s at |r|1_creasn1ﬂg§,5| whi et' Pilﬁe tthe respective parameters represent. This is the first model that

IS ts_upﬁp((j)se 8 N |er. y using a finear approximation for i2:%mbines all of the above effects into one single equation with

ratio ~ dependence oy, physics-based parameters. The success of the model is attributed
K = g + K1V (6a) to the separate, yet unified, modeling of the individual SCE's.

and extracting two values at low and higj, itis found that the ll. PARAMETER EXTRACTION

RSCE at differen¥s, can be predicted reasonably well. Inthe an empirically-based model will not be useful unless a

same way, DIBL is modeled by modifyingand/ to include a consistent and simple parameter-extraction procedure can be
linear dependence ori;; adopted, nor will it be of any interest if experimental data are
needed to extract the parameters every time the model is used.
Our compactV; model uses a very simple, four-step, one-
B =po + P1Vus (6€) iteration extraction procedure, which requires the measured (or
which is based on the assumption that the ch istic | s"ﬁmulated)Vt—Lg data from the same process (or devices) with
ption that the ¢ arac_terlsnc engg ?yfoursets of measurements:(long L,) for all Vi, V; (low
1, andl, should be affected by the lateral poten#ial. Vus, highVi,), Vi (low Vg, low V), andV; (high Vs, low Vi)

It:mat”)(lj’ althou_gh tr:e”effectlve ch_anrl1|el It(;ngtbe{f) catn be for all L,. The four-step extraction procedure is illustrated in
extracted experimentally or numerically, they are no con5||§ig. 3 and described as follows.

tently and bi ly defined. The following simpl del . . .
ently and unambiguously define © foflowing simple mode Step 1) A simple nonlinear regression on (1) (Wi, re-

o =ag + a1 Vg, (6b)

Is adopted: placed byN..;), fitting the long-channel, -V, data to
Leg = Ly — 201; ) extractN,;,. Full equation (8) can also be used by set-

ting the parameters\( «, 3, «) to zero since they will

such that thé;, model is expressed in terms of the well-defined not affect the long-chann&}. The extractedv,;, value

drawn gate lengthl.,. o is considered as a fitting parameter to will be fixed in the subsequent steps.
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Fig. 4. Experimental correlation of the model parame¥ey, to V; implant Fig.5. Experimental correlation of the model paramé{ey, to punchthrough

dose®. The full set of fitting parameters is extracted from wafer #15 data. THEWPIant energyE’. The same set of fitting parameters from wafer #15 data is
empirical correlationV.;, — @ in (a) is found from long-channel data of wafersUSed- The empirical correlatioN.;, — E in (a) is found from long-channel data

#17 and #19. Prediction of wafer #18 in (b) is made by the compact model withwafers #20 and #21. Prediction of wafer #16 in (b) is made by the compact
$ as input. model with E as input.

the model can be employed for prediction by interpolation at in-
Step 2) Nonlinear regression on (8), fitting the(low V,,, termediate values of the variables.
high V) versusL, data to extrach, o/, 3, andx’.
Step 3) Nonlinear regression on (8) with fixed values of

. IV. EXPERIMENTAL CORRELATION
(A, «, ) from Step 2, fitting theV; (low V,,, low

Vis) VersusL, data to extract a second value f. Another unique concept and application of the proposed
With «' extracted from Step 2so and x; can be compact-modeling approach, which is different from the BSIM
calculated from (6a). modeling, is to correlate the compact-model parameters to

Step4) Nonlinear regression on (8) with fixedrom Step process variables such that the compact model can be used by
3, fitting the V; (high V,,, low V;,) versusL,, data to technology developers to efficiently evaluate process windows
extract a second set of’ and3". With the two sets of or process fluctuations on device performance. This idea is
(«/, o) and (&, 5), & and can be calculated from demonstrated with the following examples.

(6b) and (6¢), respectively. Fig. 4(b) (symbols) shows the measuréd—L, data from

When the lineaW;, at zero body bias is to be modeled, onl)me same wafer split with only;-adjustment implant dos&}

a two-step extraction is needed: Step 1865, and Step 3 for changed. One set &} data (wafer #15) is used to extract all the
O\, o, B, K). necessary model parameterS.{, A, «, 3, ). With another
As mentioned in the Introduction, the essence of the prVC measurements (wafers #17 and #19) for the long-channel

posed compact-modeling approach is to predict physical bao(Vss), the respectiveV.;, can be extracted. Since there is a
havior by interpolation. This means that one needs to desigfie-t0-one correlation of the implant doend the parameter
the experiment to cover a wide range of interest (e.g., full range’’ &N empirical equation can be found

of Ly, Vi, andVy,) such that process-dependent empirical pa-

rameters can be extracted at the “extreme” conditions. Thereby, N, = 1.426 x 10'7 +7.231 x 10*® (cm™®) (9a)
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where ® is in cm2, which turns out to be linear, as showr 12 Symbols: expsriment

in Fig. 4(a). Then, a full compadt;, equation withL, and® Lines: model o .o o . . __. o V=27V,
as input is obtained. Excellent match of the model [lines IS 1o [V&=01V yd

Fig. 4(b), wafers #17 and #19] to the experimental data is O~ f'/./"‘"- _____ a___1%
served. Furthermore, tHé behavior of a new wafer (#18) with 4

a different implant dose can be predicted (by interpolation) tg 0.8 - ;‘ I A ,.,.,..‘..,.....'.9;9....,
the compact model, as demonstrated. § -iv'

This correlation method has been verified with another set g6 | v 0
experimental data in which only punchthrough implant ener¢2 J"/M . *
(F) has been varied. Wafer #16 has exactly the same proc@
conditions as wafer #15, whereas wafers #20 and #21 are ¢ 04 1
ferent only in the punchthrough implant energy. By correlatin
N, to the measured long-chanrig} (V) for wafers #20 and 0.2 ' —
#21, the following linear relationship (since only two points 0.1 1 10
is obtained:R,, [as in (2)], and correlate them to implant dost Gate Length, L, (um)
and energy. Similar correlation can be formulated, e.g., by mou- g
ifying the model to include an empirical fitting parameter for - @)

N, = 6.05 — 0.0555F (x10*7 cm=32) (9b) A gﬁf;?:rl‘}\;:renmemﬁufmé_ """"""" _0_4155_.2.‘:7_\/,0
whereF is in KeV, as shown in Fig. 5(a). Then, the compét ‘>: 1047 Y 8
model (with L, and E as input), using the same set of pararr>, ,/_,/!“‘""'_—— - o
eters V., A, a, /3, k) extracted from wafer #15, can predicl > 08 1 |- Y4 0.9
wafer #16 quite well, as shown in Flg 5(b) % 5 R Yo W Wi I v

If SIMS data on the channel profile of the final device is avail > Y
: T 06 p: 0
able, the compadt; model should be able to incorporate twc_g AY 4 O e o . .
variables, peak dopingy, and peak location,,. and correlate it 4 f’
to the gate oxidation temperature or time. Since this approach E 0.4 1 y,/'
lates the behavior of the final experimental device to the maci
model, it can be very useful and efficient in reducing wafer spli 0.2 o .
if they are carefully designed. ' 0.1 1 10
V. RESULTS AND DISCUSSION Gate Length, L (um)

Results of the compact modét = f(L,, V., Vi) are 12 (®)

shown in Fig. 6 (lines) and compared with the experiment: Symbols: experiment

. . Lines: model V, =27V
data (symbols), from which the model parameters are first e__, V. <1V O TG e S >
tracted as outlined in Section Ill. Fig. 6(c) shows the model e 1.0 1 * _ 18
sult at an intermediat®,, = 1 V at which model prediction > e .
is made by “interpolation.” The excellent match over a widt&, o5 | ?ﬁ/ e 0.9
range of gate length and bias conditions demonstrates the % % v DA A A v v
lidity and efficiency of the developed model. Similar results ar=> 9#,—'
also obtained for the simulated TCAD data (only the “interpo% 06 ; z/' - 0
lated” results aty, = 1 V is shown in Fig. 7), in which the § : °
Vi = f(L,, Vis, Vus) data has a little bit different behavior £ 0.4 | y
from the experimental data. This shows that as long as the dat:
obtained consistently from the same set of devices, following tt 0.2
parameter-extraction procedure, our compggcequation can oA 1 1'0

model the behavior of the real or virtual devices quite well. Th
model presented here can be further improved by more accur....
modeling of the surface potential for a better characterization of

the DIBL effect [11].

tion can be generalized to other device-performance figuresbafses.

merit, such as “on” and “off” state currents,, andl,g, which

Gate Length, Lg (um)
(©

ig. 6. Results of the compact; model (lines) compared with the
The approach demonstrated for the compact-model formulgperimental data (symbols), with full range of gate length, body, and drain

would be very useful in device design and optimization. On@®mpact equation as a functionbf, V4, andVg,, with extrac-

a goodV; model is available, developing a saturation-curremiion of empirical fitting parameters for process-dependent mo-
model is mainly a matter of mobility) and series resistancebility and resistance. One such preliminary result [11] (based
(Rsq4) modeling. The approach, again, is to formulate/gn on [12]) is shown in Fig. 8, in which one set of the measured
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best fit of the short-channaf; in the roll-off region. Another
disadvantage compared to the TCAD approach is in capturing
the details of process and device variables. This is obvious
because compact models are at a higher level of abstraction.
There is a tradeoff between the effects to be built into the model
and the complexity of the model. However, combined with a
full-loop calibrated TCAD, the demonstrated compact-mod-
eling approach (together with experimental correlation) will
prove to be extremely powerful in providing an efficient and
accurate guide to technology developers.

VI. CONCLUSION

A general approach to formulating physics-based compact
model equations for deep-submicron technology development
has been described and demonstrated with the threshold voltage

Fig. 7. Prediction of the compadt. model (lines) on the simulated datamodel, which can predict the behavior of devices with gate

(symbols) at an intermediate drain bias. The fitting parameters are extra

from the simulated data similar to Fig. 6(a) and (b) (not shown).
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Cf@?lgths down to 0.18m and full range of body- and drain-bias
conditions. There are three basic ingredients in the approach:
1) multi-level modeling, which combines low-level accuracy
and high-level efficiency; 2) empirical formulation, which
combines analytic physics and realistic behavior, and 3) ex-
perimental correlation, which combines theoretical definitions
of macromodel parameters and practical measurable variables.
The developedV; model takes into account nonuniform
channel profile, charge-sharing, and barrier-lowering effects,
normal and reverse SCE’s with combined body- and drain-bias
dependencies. Such a unified compact model will not be
feasible with rigorous analytical derivations, nor will it be a
simple task to get the remarkably accurate prediction on real
device performance by TCAD-calibration approach. Combined
with the efforts in new process/device model development and
TCAD calibration, the proposed approach will be a first step
toward the implementation of a multi-level TCAD-synthesis
methodology in aiding new technology development and

Fig. 8. Preliminary results of the saturation-current model using the developdeep-submicron transistor design.

V, model. The measurefl,, atV,, = V,, = 2.5 V (circles) is used to extract
the parameters for mobility and series resistance. The dotted line is predicted by
the model al/,, = V,, = 1 V compared to the experimental data (triangles).

Ion—L, data atV,, = V4, = 2.5V is used to extract the [1]
model parameters, and the model is verified with the predic-
tion atV,; = Vys = 1 V. If a compact/,; model is developed, 2]
I../I.a tradeoff can be made easily, from which design opti- [3]
mization and process windows can be obtained if correlation tol4]
process variables can be found.

There are certain limitations, though, in the proposed
compact-modeling approach. The model requires fairly ac-[5]
curate values of the device physical parameters, such as
Ly, @5, ton, ¢m. Nss, Nsq, €tc.; otherwise, the model may
be fitted to the “wrong” device during parameter extraction [6]
for N.., o, A, «, 3, andx. However, this may not be a fatal
problem, and it may turn out to be an advantage since thg7)
uncertainties in ALy, Axy; Atoy, A, ANgs; ANGy),
which are unavoidable in deep-submicron devices, may be[8]
“absorbed” in the fitting parameters;( N .; «). In this work,
with the measured,,, andz;, we have used nonlinear regres- 19
sion on (8) fitting the long-channél,(V,,) data to obtainV,,,
as well as¢,,. Optimum value ofs is also predetermined by
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