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A Simple and Unambiguous Definition of (formulation) is dependent upon its definition. In addition, it does
Threshold Voltage and Its Implications in not make justice to gauge the accuracy of;amodel against the
Deep-Submicron MOS Device Modeling “strong-inversion” condition [3] since it is known [7] that for short-
channel devices the surface-potential barrier is lower than that of the
X. Zhou, K. Y. Lim, and D. Lim long-channel one.

With technologies going into the deep-submicron regime, it is
Abstract—A new definition of MOSFET threshold voltage is proposed, increasingly important to model the short-channel effects sudh as
namely, the “critical-current at linear-threshold” method, which has a  roll-off (at decreasind.,) and drain-induced barrier-lowering (DIBL)
unique solution and is very simple to measure. This definition gives (at increasingl;.). Hence, a simple, unambiguous, and consistent
consistent values of threshold voltage for different regions of operation definition of V; for all values ofL, and V. is desirable. In this brief,

at long channel, and contains the information on short-channel effects N .
at short channel, which is very useful for deep-submicron MOS device W€ Propose a new threshold-voltage definition, namely, the “critical-

characterization and modeling. The proposed method effectively removes current at linear-threshold” (orl&;:@Vie” for short), which com-
ambiguity of de factoindustry standard of the constant-current method  bines the unambiguity of the maximugm;: definition and the simplic-

for MOS threshold voltage. ity of the CC definition. The method applies consistently to all values
Index Terms— Deep-submicron MOSFET modeling, DIBL, MOS of L, and Vys. In this brief, all data presented are measured from
threshold voltage. the same 0.2%m CMOS process wafer. Complete extraction and

modeling ofV; based on this definition, including gate length, drain-

I INTRODUCTION and substrate-bias dependencies, has been presented elsewhere [6].

The threshold voltagelt) is a key parameter in MOSFET design
and modeling. There are numerous definitions and extraction methods
[1]-[6], each of them is proposed with a focus on different aspects. II. DEFINITION, MEASUREMENT, AND DISCUSSIONS
There are three major criteria for the definition and extraction of In the “I..;;@Vio" definition of V;, the simple CC definition is
Vi: simplicity, unambiguity, and consistency, which should applpdopted for any giverl, and V,.. However, the critical current is
to various gate lengthsL{) and operating conditions (linear oruniquely defined as the drain current when the gate voltage is the
saturation). threshold voltage from the maximupp,; definition in linear region:
The theoretical definition of; is based on the “strong-inversion” I,i; = I4s (@Ves = Vio). Although it appears to have no direct
condition at which the surface potential is twice of the bulk Fermielationship between the maximug; definition and the theoretical
potential ¢, = 2¢r) “strong-inversion” definition ofl;, it has been shown [8] through
- - S two-dimensional (2-D) numerical simulations that the two definitions
Ve =Vin 4205 +7V 205 = Vi @ give the same th(resh)old voltages for long-channel uniformly-doped
where Vi is the flat-band voltage and is the body factor. \OSFET’s. This provides a basis for the proposéddefinition.
This definition is not practical for measurement sinegis not @ Thjs definition solves the problem of arbitrary choice of the critical
measurable parameter. The constant-current (CC) method, althodghent in the conventional CC method while retaining the simple
not physical, is the simplest and most popular to measire gefinition and measurement & at differentV;.. It also provides
The major drawback is the arbitrary choice of the critical draiggnsistent values of long-chanriél in linear and saturation regions
current, I4o (usually scaled byV/L,), at which the value oV is  (since DIBL effect is minimal at long channel), which may not be
measured. Another popular definition is the maximgmmethod in - e with a combined linear- and quadratic-extrapolation method. If
which the drain current is linearly extrapolated to zero at maximuggis definition is to be applied to numerical simulatiofi$, can be
transconductance. This method is unambiguous but only valid fQésin obtained based on the CC extraction algorithm.
linear region of operation (lowss). It, however, depends strongly  with this definition, V; measurement is simple. Only the linear
on S/D series resistance. For a MOSFET operating in the saturatign _ V,. curve (at some smalla.) is required to extractio
region (highVqs), the drain current is quadratically extrapolated tQt maximum slope ¢.), as well as measuring the drain current
zero (at maximum slope) to obtain the saturation threshold voltage, — . whenV,. = V. The threshold voltage at any other drain
Visar. For intermediate drain voltages, neither method is approprigifys isdefined(and measured) as the gate voltage wien= I..;
since the device operation crosses different regions for the full rangg; the same transistor).
of 4 — V.. There are other less popular methods such as the secondrig 1 piots the critical drain current against drawn gate length
derivative method [4] and the ratio method [5], which are developed Vi = 0.1 V extracted from the same wafer based on the above
to avoid the dependence on the series resistance. However, in @finition, together with the constant current scaledayx (W/L,)
opinion, Vi definition, measurement, extraction and modeling akgherer,, is chosen to be 0.4A and W = 20 um. The same data is
different things. One may defin€, with very simple measurementhtted on logarithmic scales in the inset of Fig. 1. It is observed that
(such as the CC method) and develop a model to account 1or, @v;, has a similarl /L, dependence at longer channel lengths,
small-geometry effects and bias dependencies [6]; or d&finith 1 changes to a suli(L,) dependence for short-channel devices.
all the short-channel effects built in, but it usually requires morgys is exactly due to the increased contribution of the S/D series
complex procedures for measuriig [3]. In any case}; modeling  resistance at shorter channel lengths, a fact commonly considered as
Manuscript received September 8, 1998; revised November 2, 1998. Thglrawback of the maximums, definition of V. However, it can
review of this brief was arranged by Editor C. Y. Yang. _be considered as an advantage since the threshold voltage defined
En)g(].inzel’::il:] ;”ﬂaﬁ-y;r-]gL'Tn;Cifo;’c‘)’g?cg‘% isgfs?gogaggggﬂ gg&ggec”on"‘this way contains the information on the 2-D short-channel effects.
D. Lim is with Chartered Semiconductor Me{nufacturing Ltd., Si.ngapofg‘ tgchnlqge for direct mgasurlng the effective channel length and
738406. series resistance of submicron MOSFET'’s has been developed based
Publisher Item Identifier S 0018-9383(99)02639-8. on this V; definition [9]. A clear (if not “fatal”) drawback of the
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Fig. 1. Critical drain currente) measured at;s = Vio against drawn gate iy 3 \easured saturation threshold voltages against drawn gate length for
length, wherely, is the linear threshold voltage based on the maxingm- o “T.1, @Vio” definition (s), the CC definition withl,o = 0.1 ;1A (A) and
definition. Constant currenta is also plotted as a comparison. The inse A (-) and the quadratic-extrapolation definitio)(

shows the same data on a log—-log scale. '
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Fig. 2. I —Vas curves in saturatiori{y, = 2.5 V) for different gate-length  Fig 4. Gate voltage shift due to a changeliy, = (0.1-2.5 V) measured
devices as indicated. The critical currents and the corresponding threstdidlifferent drain currents for three transistors with = 3, 0.5, and0.2 ym.
voltages are shown in symbols for thé.;; @V;o” definition (e) and the CC
definition with 7,0 = 0.1 A (a) and 1pA (H).
in the conventional CC definition not only results in a large shift in
V4, but also different shape of tHé roll-up (larger roll-up at lower
CC method is made apparent from the inset of Fig. 1: Even jf, is observed), which is due to the reverse short-channel effect.
the same long-channel currefit;, is chosen as the value dfio, This implies thatV; modeling is dependent upon the choicelgf,
the extractedl; at short channel length will not be a correct anavhich is undesirable, e.g., for the application of inverse modeling.
consistent representation of the short-chariiesince the current is The “I....@Vio” definition, however, has a unique solution as well
unphysically forced to have an exagtL, behavior. This difference as a simple extraction.
(compared to the I, @V;o" definition) can be significant for deep-  Another important criterion fol’; definition is its consistency at
submicron MOSFET's since a unique solution is extremely importagtiferent values ofV/,.. It is known that at a given gate length;
due to unavoidable process variations. reduction at increasind. is mainly due to the DIBL effect. If the
The measureds. — Vs curves in saturation¥, = 2.5 V) for linear V;, is not chosen appropriately, the threshold shift; due
channel lengths ranging from 10m down to 0.2um are shown to AVy, may not be a correct representation of the DIBL voltage.
in Fig. 2. The gate voltages at the critical currents (from Fig. 1Yo justify the validity of the 7..i:@V;o” definition with respect to
which are the saturation threshold voltages, are shown together wlis concern, the gate voltage shift {;.) at a constant drain current
two constant-current valued;y = 0.1 and 1pA. The extracted due to a change in the drain voltage/y. = (0.1-2.5) V is plotted
Visat VersusL, is shown in Fig. 3, together with thE... extracted against the drain-current level at whicklV,. is extracted from the
based on the quadratic-extrapolation method as a comparison.measured linear and saturatibn — V< curves for three different gate
fact, the shape of th&tsat — L, curves in Fig. 3 is a result of the lengths, as shown in Fig. 4. Our definition is shown by the circles,
transformation of Fig. 2 datasymbol$ with respect to Fig. 1 (inset): together with two values of the CC definition with, = 0.1 and
Vieat = £ '[g(L,)] wherel.ic = f(Vieas) from Fig. 2 andl...« = 1 pA, shown by the triangles and squares, respectively. It is seen
g(Lgy) from Fig. 1, and the transfer functiolpg(Z..;;) — log(L,), that for long-channel devices, DIBL effect is insignificant. At short
is linear. It is noteworthy from Fig. 3 that the arbitrary choicelg@f channel, if the current level is too high (e.d+« > 1 pA), the error
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in AV, would be large. TheF..;;@V:q” definition is shown to be in  Assessment of Beryllium Out-Diffusion in AlGaAs/GaAs
a region for correct interpretation of the DIBL voltage. This definition Heterojunction Bipolar Transistors Using

has been employed in the modeling of the DIBL voltage at various | ow-Temperature Photoluminescence Technique
Vas values [10].

Hong Wang, Geok Ing Ng, Haiqun Zheng, and Penghua Zhang

IIl. ConcLusION Abstract—Low-temperature photoluminescence (PL) is used for the

In conclusion, a simple, unambiguous, and consistent threshéldestigation of berylium (Be) dopant out-diffusion in AlGaAs/GaAs
voltage is defined, which applies to MOSFET’s with any gate lengt brupt single-heterojunction bipolar transistors (HBT’s). The degree of

drain- and substrate-bias conditions. With this definition, the thresh

e out-diffusion into the emitter from a Be-doped base can be estimated
sed on the band gap narrowing effect (BGNE). The measured current

voltage has a unique solution, and its measurement is as simple asgdi® and emitter-base turn-on voltage of HBT's fabricated on wafers
conventional CC method for all values Gf. andV4,.. Extraction and with different growth conditions were found to correlate well with the

modeling of the small-geometry effects is easier using this definitidt- results.

since the 2-D short-channel effects (such as series resistance) argdex Terms—Beryllium, heterojunction bipolar transistors, photolu-
supposed to have been contained in the meadtrdéta. It will prove minescence.

to be a meaningful and useful definition in both industry applications

and theoretical modeling of deep-submicron MOSFET's. I.
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