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ABSTRACT

A simple, empirically-based method is developed for
extraction of submicron surface-channd MOSFET's
effective channel length (Ls) with critical-dimension
correction to poly-gate length (Lg) and correlation to
metallurgical channel length (Lne). A self-consistent
compact model for the lightly-doped drain (LDD) lateral
diffusion is proposed, which can be correlated to the
extracted L. The combined experimental determination of
Lety Lmer and Lg further validates the proposed “critical-
current at linear-threshold” (“l4ii@Vy') Leg-€Xtraction
method, and provides important applications in statistical
process control and monitoring as well as deep-submicron
(DSM) technology characterization and device modeling.

Keywords: Effective channel length, metallurgical channel
length, LDD latera diffusion, critical-dimension correction,
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1 INTRODUCTION

MOSFET channel length is the most important
parameter for transistor design, technology scaling, and
device modeling, which becomes increasingly difficult to
measure and model as the technology is driven into the
deep-submicron (DSM) regime. There are many “lengths’
discussed in the literature, such as drawn gate length
(Lgrawn), mask length (Lyas), physical (or poly) gate length
(Lg or Lyay), metallurgical channel length (or junction-to-
junction spacing) (Lme or Lj;), and effective channel length
(Ler). Among them, only Ly (drawn on the layout) is
well and accurately defined. Lgisaphysical quantity, but is
subject to (lithographical and etching) process uncertainties
during mask making (ALs) and gate patterning (ALy;) and
etching (ALg). Lme iS aso a physical quantity, but is
difficult to measure due to unavailability of two-
dimensiona (2-D) channel profiling. Le is an electrical
parameter whose extraction strongly depends on its
definition. However, if properly defined and accurately
extracted, Lss can be extremely useful for providing
information on process controllability and device electrical
characteristics.

Although accurate (and independent) determination of
L is important, it should not be overemphasized since the
channel resistance, Ry =ra(Vg)ler, iS in principle
inseparable from the S/D series resistance, Ry(Vy), Where
Vg = Vgs — Vg isthe gate overdrive [1]. The decoupled C-V
method [2] is supposed to be able to extract an accurate L
(although femto-farad accuracy is required for submicron
devices). However, when relating to 1-V data, fitting is
unavoidable to model Ry(Vy), which is just another way of
partitioning Ry, and Ry. As recently studied [3], process
uncertainties cannot be eliminated for all conventional L-
array methods and it was suggested that single-transistor
methods are able to extract Ly values at low Vg (near
threshold) that are closer to Ly Metallurgical length,
however, is not practically measurable (except for 2-D
numerical studies [4]).  Although strongly definition
dependent, deviation (not necessarily error [5]) of L from
Lmets O = Let — Line, Can provide important information on
the lightly doped drain (LDD) device structures for process
control and monitoring [4].

Fig. 1 summarizes common Lg-extraction methods
reported in the literature. Conventional methods are all
based on the “ideal” model [6], with the measured total
resistance (Ry) in linear mode (small V) partitioned into
two parts, Rt = Vadlas = Ra(Vgr) + ren(Vg))Letr, in the hope
that R versus Ly at different gate overdrive Vg would
“merge” to one point. However, this linear relationship
starts to deviate in the DSM regime [7], which, in principle,
invalidates al the methods based on the conventional
method unless some kind of averaging method is adopted
[1], [4], [8] to minimize (or neglect) the bias dependence of
S/D series resistance, channel resistance, or both (as
depicted in Fig. 1). The observed nonscaling Ry — Larann
behavior [7] is most pronounced at low Vg, a which L is
known to be close to the bias-independent L.« [1], [3], [5],
however, the linear-mode assumption will be violated at
low Vg  Another common concern is to avoid, or to
correct, the influence of Ry in the measured linear threshold
voltage (Vi) with the maximum-gy, definition [6]. On the
other hand, the newly proposed “lii@Viy" Les-€Xtraction
method [9] takes advantage of the fact that the information
on Ry is contained in the measured | ;;@V,o data, and Ly is
extracted at zero Vy based on a different algorithm from all
conventional methods.
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Figure 1: Comparison of the | 4;@V;o method with existing L-
extraction methods (solid circle: [1]; open circle: [8]; dotted line:
equivaence of thiswork, similar to [7]). L reduction dueto 2-D
short-channel effectsis assumed to be contained in the total linear

drain current |4y at Vs = Vi with the maximum-gy, definition.
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Figure 2: The MOSFET model depicting the various lengths and
the parameters used in the “14;{@Vyy" Let-eXtraction method.

This paper aims to provide a simple approach to
experimentally determining the electrical channel length
and correlating to the physical and metallurgical gate
lengths based on the newly proposed “l4ii@Vy," extraction
method [9]. For the first time, the electrical, metallurgical,
and physical lengths of deep-submicron MOSFET's are
determined experimentally with a very simple agorithm
based on one 1-V measurement (of course, within the
validity of the definitions proposed). The extraction
agorithm is performed at zero gate overdrive (Vg = 0) and,
hence, much closer extracted L to Ly Can be expected
[1], [3], [5]. The method can be easily integrated into
automatic wafer test systems for process monitoring and
device characterization.

2 MEASUREMENT, EXTRACTION, AND
MODELING

To apply the “l4;i@Vy" method [9], it is important to
measure accurately the linear threshold voltage Vi, from the
maximum-g,,, definition as well as the critical drain current

larit @ Vgs = Vio for each device of length Ly awn 0N the same
wafer [9]. In fact, only the lgs— Vg data (at low V) is
needed for each MOSFET, and extraction of V,g and I can
be automated. The devices under test should be selected on
the same die to minimize gate oxide nonuniformities and
doping variations. For better accuracy, inclusion of very
long devices (> 10 pm) is recommended. The set of
lgit — Larawn data for this work was obtained from the
experimental test wafer of a 0.25-um CMOS process with
Lgrawn ranging from 10 um down to 0.2 um [9], [10].

To have a smple method, one must have a simple
model (ssimple mental image of reality) of a MOSFET for
easy measurement, extraction, and modeling. Our simple
conceptual MOSFET model is shown in Fig. 2, in which the
terminal drain current (lgs = leir) a Vgs = Vi flows through
the channel (Lg) and S/D lateral diffusion regions (20x)
under a given external drain voltage Vys=Vg. (The
external contact resistance can be ignored compared to the
LDD resistance when Vg = Vi [11].) Since L is extracted
from electrical -V on devices of gate length Ly (NOt Lgrawn),
and LDD is formed after poly definition (Lg), which
determines L, a model for the actual Ly and Lo« is
needed. The following simple model is proposed for the
physical gate length:

I—g = Larawn —Acp 1

where Acp isthe critical-dimension correction that accounts
for process variations in mask/gate lithography and poly
etching (ALpyase AL, and ALy mentioned in Introduction).
In principle, Acp can be measured by SEM for each device,
although a model for its nonuniformity requires substantial
research efforts. As a first-order approximation, it is
assumed that Acp iS Lgrann independent (i.e., all devices on
the same wafer have the same amount of Acp).

Since L is not easily measurable (although physically
exists), the following simple model is used:

Lme = Lg— 20X )]

where x; isthe LDD junction depth and o is a parameter for
the LDD lateral diffusion. So, Ly is subject to three
process variations: Acp, X, and 0. X can be determined
from SIMS profiles on test structures of the same wafer, but
o isthe most difficult one to determine.

For Lgr, the simple “calibration—extraction” algorithm
[9] is used on the measured lgit — Lgann data, with Lg
corrected by (1). Since no knowledge of Ay is available,
six values of Acp (ranging from 0 to 25 nm) are assumed.
The channel sheet resistance

Feno = P(Vad/Lg)” (33
isfirst calibrated for long-channel data:

lerit = Vel (Fenolg), (3b)
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Figure 3: Extracted (symbols) and modeled (lines) parameters p,
and Ryoles afunction of Acp by fitting the I i — Ly data.
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Figure 4: Left axis: (LS. Lgrann (Symbols) and Ly VS. Larann
(lines) based on calibrating L= Ly @ long channel. The
difference ¢ = L[ L iS Shown on theright axis. The
modeled o is shown in the inset with two values of Acp. § and o
from the second die (Acp = 0) are shown in cross-dotted lines.

and then, an averaged series resistance [Ryollis obtained
from nonlinear regression on all data:

lerit = VdJ(DdeOEH' rchOLg)- (30)
The extracted [Lgis given by
M= Ly — IALEE Ly — MRegolr cro- (3d)

As shown in Fig. 3, the extracted p, y; and [RypJ(Ssymbols)
as afunction of Acp exhibit excellent linearity. This means
that empirical linear relationships can be easily obtained
with only two extractions at Acp = 0 and 25 nm, as follows:

P = o+ Pibep = 14.45 + 3.05x10Acp [KQ] (4a)
Y=o+ ¥ibep = 0.0774 + 4.93x10Acp (4b)
R0 = Ro + Ridep = 1.12 — 5.34x10°A¢p, (kQ) (4a)

where Acp isin nm, as shown in Fig. 3 (lines). Then, L]
is fully modeled by (3), (4), and (1) as a function of Lgaun
with Acp as a parameter.

To observe the deviation of g from Ly:

& = MO Ly = 20 % —ALL] (5)

the LDD lateral diffusion (or gate-to-S/D overlap, ox) is
modeled as a whole, with the assumption that (Leg= L at
long channel. This is consistent with the basic assumption
of the “I4i@Vy" method (i.e., calibration at long channel).
Then, from (5) with 4 =0 a Lgawm= Lo= 10 pm (the
longest drawn length in the data):

_ (Rao)
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a 0
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where p, y, and RyUare from (4). Then,
A = Mg~ Lig = (AL)o, — [ALD) @)

which isindependent of x;, represents the difference of L
with respect to that of the long channel. The & such
defined provides a measure of the short-channel effects of

LDD structures at decreasing Lg:awn SinCe O is proportional

to Ryl an averaged Ry contribution contained in the 1
data [9]. The total LDD lateral diffusion, 20x% = (AL)., is
fixed for al Lgann a agiven Acp, which is determined from
the long-channel electrical AL. The extracted Mgl Lyt

and & are shown in Fig. 4, with the o — x; plot shown in the
inset, at two values of Acp. The extracted values of o
(0.7~0.75) are found to be reasonable with the estimated

X = 70~75 nmand Acp = 5~15 nm.

3 DISCUSSIONS

The proposed model is similar to what was studied in
[4], in which rg, is extracted from the spatial derivative of
quasi-Fermi potential along the channel normalized by the
terminal current per device width with bias-independent
Ry. Inthe “l4ii@Vy" method, Vg is fixed a Vig and Lgrawn
isused asthe averaging variable. Since Vysisfixed at 0.1V
in al devices, the effective parallel field is increased at
shorter gate lengths, equivalent to an increased
(dV/dx)/(14/W) as defined in [4], which has been modeled
empirically by the parameter yin rgg in our model. This
model is also consistent with [5], in which one source of
error in & was attributed to the bias-dependent Ry due to a
changeinrg,.

Since |-V datais used in any L extraction methods, to
minimize the error, it is important that all the devices under
test have consistent operating conditions. In conventional
methods, averaging is performed over arange of Vg values.
If, eg. the constant-current definition is used in Vi
extraction (as is often done to avoid the Vi, dependence on
Ry in the maximum-g,, definition), short- and long-channel
transistors would be operating under different conditions
since the critical current is unphysically scaled [10].
Depending on the definition of Vi, mobility degradation



may also be different for different length devices since the
electrons would experience different perpendicular fields.
When Vg is fixed for all the devices, which is thus far a
common practice, different lateral fields result in different
mobilities (hence, different currents). Our proposed
method essentially eliminates the effect of mobility
degradation since zero gate overdrive is consistently
applied to al devices and channel charge inversion is
consistently achieved based on the maximum-g,, definition.
Lateral-field variation is also empirically model ed.

The validity of the proposed definitions and extraction
approach should be judged by its self-consistency and
application to providing a meaningful guide to technology
developers. The physical interpretation of the defined
guantities (such as Rypo, reno, 0 and &) must be evaluated
within their definitions, which are quite different from the
conventional ones.
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Figure 5: o contoursfrom die 1 (solid line) and die 2 (dot) asa
function of X and Acp. Estimated x; and Acp uncertainties are
shown with the shaded region.

One application of the proposed model is for statistical
analysis of process variations based on contour plots with
process uncertainties as parameters. For example, based on
(6), o contours are plotted against Acp and X;, as shown in
Fig. 5. Any fluctuations of the o values obtained from
different sets of devices on the same wafer are indicative of
the associated statistical uncertainties. On the other hand, if
Acp and X (or their distributions) can be determined
experimentally (e.g., shaded region in Fig. 5), a smaller o
suggests a smaller [Rgoll contribution (6). The
corresponding changes in the & — Lgrann Curves would be a
reflection of the parallel-field effect, since & such defined
(7) is due to the change in r¢y relative to the long-channel
one (similar to dv/dx in [4]). Results obtained from another
die on the same wafer (assuming Acp =0, extracted
p=16.57 kQ, y=0.119, Ryl 0.82 kQ) are shown in
Fig. 4 (cross-dotted line) for & and g, and in Fig. 5 (dot)
for o contours. Assuming Acp = 0, the deviation from the

first die could be due to process fluctuations in X + Ax; =
70+9 nm if the same 0=0.7 is to be used; or due to
variationsin 2-D LDD lateral diffusion (c+ Ac=0.7 £ 0.1)
if the same x; = 70 nm can be confirmed.

4 CONCLUSION

The most attractive feature of the proposed method is its
simplicity, which requires only one I-V measurement. This
is achieved by the simple, yet physical, conceptual model,
combined with empirical caibration to the well-defined
long-channel  device characteristics. The developed
compact models and extraction approach can be (and have
been) easily automated, which will prove to be extremely
useful for oatistical process analysis and device
characterization.
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