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Extraction of MOSFET Threshold Voltage, Series
Resistance, Effective Channel Length, and Inversion
Layer Mobility From Small-Signal Channel
Conductance Measurement

F. C. J. Kong, Y. T. YeowSenior Member, IEEEand Z. Q. YapMember, IEEE

Abstract—This paper proposes and demonstrates the extraction mobility lowering factoréd, and source/drain series resistance
of MOSFET threshold voltage, source-drain resistance, gate field R of a MOSFET from a single measurement of the small-
mobility reduction factor,. and transistor gain factor from the mea- signal ac drain-source conductange, as a function of dc gate
surement of the small-signal source-drain conductance of a tran- bias. As with other SPICE t tracti t
sistor as a function of dc gate bias with zero dc drain bias. The | 'f"‘S' S_’W' other parameter extraction measuremen.s,
theory is based on the analytical model that includes the effects of it iS derived from the standard gradual channel theory analysis
source-drain resistance and gate-induced mobility reduction. Itis for Iy (Vi, Vi) used in SPICE. The measurement uses only a
shown that, by measuring devices of different drawn gate lengths, small (~ 10 mV rms) ac signal applied to the drain. With zero dc
effective channel lengths and actual mobility can also be extracted. drain bias, effects such as channel length modulation, drain-in-
The results obtained are compared with those obtained by other d db . | - DIBL d . loci ' .
measurement methods. uced barrier lowering ( ), an carrier ve ocity saturation
on the above four parameters are eliminated.

By carrying out the same measurement for devices with dif-
ferent drawn gate lengths, the method also allows the extraction
of the effective channel lengths of the devices and the effective
I. INTRODUCTION inversion layer mobility.

Index Terms—MOSFET threshold voltage, parameter extrac-
tion, source/drain resistance.

HRESHOLD voltage, inversion layer carrier mobility,
source and drain series resistance, together with device !l- THEORY OFPROPOSEDPARAMETER EXTRACTION

dimensions, form the major parameters of the SPICE-basedrhe intrinsic small-signal conductance between source and
submicrometer MOSFET circuit model used in the circufrain of a MOSFET can be derived directly from the dc drain

simulation of MOS integrated circuits. The MOSFET CirCUiburrent equation based on gradua| channel approximation
model itself is developed from the analytical model for the

drain current (as a function of gate and drain bias) based on dlys

the well-known gradual channel analysis of the inversion layer 9ds = [dVdJ PR
conduction [1]. These SPICE parameters are extracted from =
different measurements based on the circuit model. The most _ d_ | penCoxWen
common measured quantity used for parameter extraction is the dVas Ly

dc drain current [2]; more recently, small-signal interelectrode v

capacitance measurements are also used [3], [4]. Each mea- X <Vgs —Vr — ;S> Vds>

surement technique has its advantages and limitations; some

are aimed at determination of a single parameter, while others

yield a number of parameters simultaneously. Simplicity avhere

measurement and parameter extraction, adaptability to changelSox ~ gate oxide capacitance per unit area;

in technology, and applicability of the extracted parameters (ini.z low field effective inversion layer mobility;

terms of variation in device dimensions and bias voltage range)Ver €ffective channel width;

are factors affecting the choice of measurement techniques id-.it  €ffective channel length.

practice. Inthe measurement described below, zero drain bias is used, i.e.,
In this paper, we describe a novel and simple method for acd(is = 0. This gives the intrinsigqs as

rate extraction of threshold voltad&-, gain factor3, gate bias
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In actual measurement, the source-drain resist&rcdeing HP4284A LCR METER Measurement Signal
in series with the channel resistance, is included in the small- Vector Ammeter 10mv _ 1 MHz
signal conductance measured between source and drain. Hence,
the measured small-signal conductapgg, is @
1 (3) Vector V(}i}ﬁeter
Jdsm = 51 - Y/
RT + m Lcur 4 LDot- Hlt\ chr D—i_

(@)
In SPICE-based modeling, low field inversion mobility is
most commonly modeled as being dependentgraccording Ves GI

to the functional form [5]

=l

Ho
el = 27 T 4
Heir 1+ 0(Ve — Va) (4)
whereyy is the zero gate field mobility anélis the gate-field e
mobility reduction factor. When the gate-field dependent ex- G E
pressti_on Ot istintroducedinto the small-signal conductance ®) f +Vgs e S
equation, we ge -
q g g
B0 (Ves — V1
Gdsm = /0( £ T) (5)

1+ (0 + Bolr) (Ves — V)

where Fig._l. (a) _Sch_ematic die_lgram f_or the meas_ure_mey&ptind (b) small-signal
equivalent circuit of transistor with zero drain bias.

I’LOCOXWQH
Lz 1o (using known values foV g andC,,) from thez-axis inter-

_ ) cept and slope, respectively, of the best-fit straight line for the
When gusm is measured as function dfy., the results eyperimental data.

can theoretically be used as the target function to extract the

values of the par'anjete.ﬂér, R.T’ Bo, and @ simul_taneously . M EASUREMENT

by parameter optimization to fit (5) to the experimental data. ) _

Rather than doing this, we make use of the fact that the functionomall-signal conductancgus,, can be measured directly
Gasm/\/gasm/dVgs is @ linear function inV, in which the USINg an LCR meter. Fig. 1(a) shows the schematic diagram

Bo =

two parameterd andé are eliminated of the measurement circuit. The HP4284 LCR meter applies a
test signal of 10 mV rms at 1 MHz at the drain and the signal
Gdsm  _ \//70(%5 Vi) (6) current is sensed at the grounded source. Volt_age sources of a
/ d9usm HP 4145A parameter analyzer are used to provide the necessary
WWes gate and substrate bias. Fig. 1(b) shows the small-signal equiv-

This allows for the use of simple straight-line fit to the nu&/ent circuit of the measurement. With dc bigg set at zero,

merically derived experimental qUantiyem / +/dgaom/dV s t0 there is no drain current and hence no dc voltage drop across
S SI11 gs H H . . —_ —_

extractVy and3, for a given device. The proposed procedurf'® Source and drain resistanegsandrq (7, = ra = Rr/2).

for the extraction ol/r from experimental data is simpler tha evices U”‘?'er test are LDD n-chan.nel M,OSFETS with drawn

other existing methods such as those in [2] and [6], essentiafi?9th ranging from 0.4 to 2@m, oxide thickness of 10 nm,

due to the avoidance of the use, and hence also the influence?bfd Werr Of 20 um. The experimentaas, is used to extract

dc drain bias. After having determindd. and o, the two re- parameters according to the theory_descrlbed above. _

maining parameterf; andé are extracted by optimization to  Cher's method [7]for the extraction éfr andAL requires

fit (5) to the measured datgysm. the measurement of the resistance between source and drain

By carrying out the above measurement and extraction pr@M as a function oW for a number of dgwce_s with d|ﬁerent
cedure for devices with different drawn gate lengfgasS, drawn lengths. Other than the fact thay; is typically derived

fabricated by the same technology, we obtain the experimerf@M d¢ measurement, it is the reciprocal of the small-signal
datafgy as a function ofLg..w.. Adopting the standard rela- quantity gasm we measured. Thus, the same set of data can be
tionship between drawn length and effective lengthLof — Processed by Chern’s method to extrégg and fi for com-

(La _ AL)[7], whereAL taken as a constant, we get parison with the values extracted by the proposed method. The
rawn ' ' only difference is that in Chern’s method, a sindte is ex-

20 Cox Wen tracted from a set of measured drain-source resistances for de-
Tarwen — AL () vices with different drawn gate lengths, whereas in the proposed
method, one value dk is extracted for each device measured.
The preceeding equation is the basis of iHg method [8]: The Vi extracted by the proposed method for each device is
1/7, is plotted against.y,.wy for the determination cAL and used in Chern’s method. For comparison purpokgs,are also

Bo =
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Fig. 2. Measured source-drain conductange. as a function of gate bias Fig- 4. Extracted threshold voltage as a function of drawn gate lengths

V,. for (MOSFETSs with different drawn gate lengths, ,w. Luravwn. “0” by linear extrapolation method [2] and* by present method.
Error bars show the 95%-confidence intervald/gfby the present method.

0.25
TABLE |
TABLE OF EXTRACTED PARAMETERS FORDEVICES WITH DIFFERENT L grawn
BY PRESENTMETHOD. VALUES IN PARENTHESES AREVALUES EXTRACTED BY
0.2 r OTHER METHODS (SEE TEXT FOR DETAILS)
Lirawn = 0.44
Lacawn Vr Bo [} Rr Mo Legt
. 0.15 | () V) AV | (Vh| (ohms) | (em®VisH|  (um)
"‘% 0.4 |0.52(0.58) 8.55 0.11 | 64.2 (68.0) 465 0.31 (0.32)
e 0.5 | 0.62(0.65) 6.75 0.12 | 65.0 (68.0) 465 0.41 (0.42)
3 _é’ 5 01k 0.6 | 0.65 (0.66) 5.96 0.11 | 65.0 (68.0) 465 0.51 (0.52)
0.8 | 0.67 (0.66) 4.74 0.10 | 65.0 (68.0) 465 0.71 (0.72)
2.0 |0.68(0.67) 1.79 0.11 | 64.9 (68.0) 465 1.91 (1.92)
0.05 | 20 ]0.70 (0.69) 0.16 0.12 | 65.0 (68.0) 465 19.9 (19.9)
600
0 L (o]
0 0.5 1 1.5 2 2.5 3 500
Vs (V)
400 |
Fig. 3. gasm/v/dgasm/dV,s from Fig. 2 as a function of gate bids,. for o
devices different drawn gate lengtfis,,..... The slope and’;, intercept of & 300 lg
each best fit straight line for each device yields, andV for the device. Z >
€ |3
= 200 |u
extracted from dd, — V,, measurement by the linear extrapo- Id o Experimental
lation method [2]. 100 — Linear Fit
i
IV. RESULTS AND DISCUSSION 0

Fig. 2 shows the experimental.., as a function ofV/,, for ! Lcawn (Wm) 2
Lo = 0.4 10 20 pm. Fig. 3 ShOWSgdsm/ dgdsm/dVgs Fig.5. Plot of experimentally determinéd 3, versusL as points. Line
ve_rsungs de”\_/e_d fro_m Flg. 2 Wlthdgd_sm/dVgs CaICUIat_ed isgb.es.t straight Iing fit. Intercgpt Qb arawn ax?s yieIdsAdLr(rz.wglopé)of thé line
using central finite difference. According to (6), theaxis vyields (1/(10CoxWerr)) from which zero field mobility:, is determined using
intercept and slope of the best straight line fit of the data fésnown gate oxide thickness and device width.
each device in Fig. 3 yield th&r and /3, respectively, for
that device. The extractdd-s as a function of.4,..+ iS Shown extracted values ofr, 3y, Rr, andé for each device are tab-
in Fig. 4. The 95%-confidence intervals &fr obtained by ulated in Table | (values in parentheses are results obtained by
standard linear regression analysis are shown as error barstlmer methods). Theoreticallitr andf are independent of gate
the figure. For all drawn lengths the spread is within 3% of tHength. This is seen to be the case for results obtained by inde-
extracted value. In the same figure, we also shéextracted pendent parameter optimization on data measured on devices
from Iy — Vg measurement by the linear extrapolation methoalith different Ly, an-

[2]. The difference is less than 50 mV. As indicated in the Section Il /53, is next plotted against

Next, we proceeded to extract the valuegigfandf for each L.y tO extractuy andAL and hence alsf.r. This is shown
device by fitting (5) into the corresponding data in Fig. 2. Thim Fig. 5, givingAL = 0.09 ym andpo = 465 cn?V ~ts!
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Fig. 6. Plot of measured channel resistaft@(= 1/gasm) VErsusL,awn Vs (V)

at different {/,s — V1) for extraction of Rt andA L by Chern’s method.
Fig. 8. Intrinsicyq, as afunction of dc drain biay, with (V,; — V1) =3V
600 for Larawn = 0.4 and2 pm. Points are experimental results extracted from
measuredy.,,, and lines are calculated results using (10). The inset shows the
0.01 small-signal equivalent circuit with nonzero drain bias.

mobility through (4). The full line in Fig. 7 shows the calculated
pest(Vgs) Obtained for the range df,s where the experimental
500 [ Mo gdsm a@re used in our extraction process. Since the difference be-
: tween the two sets gf.q(Vgs) is within 2% for this range of
Ves, the dotted line which is the extrapolation (4) should be a
good prediction of the actual mobility down 1@, = V.
Extraction methods based on icmeasurement requires the
application a small dc drain bidg;, typically 50 mV—-100 mV.
This bias leads to nonuniformity of the inversion layer along the
channel as well as other longitudinal field-induced effects such
. , . L as mobility reduction, channel length modulation and DIBL. By
0 1 2 3 measuring small-signaj;s,, with dc drain offset we can mon-
Vs (V) itor these effects in devices with different channel lengths. We
i o . o ) ) extracted the intrinsigy, as a function oV, offset between 0
Fig. 7. Effective inversion layer mobility:..; for device with Lyyawn = .
0.8 pm. Points are values extracted from intringig, using (2), full line f’;\nd 20_0 mv for_LdraWH = 0'4 and2 um when the devices are .
is calculated values from (4) using extracted and 8, dotted line is the in the linear region of operation. Due to the presence of dc drain
extrapolati(_)n of (4) td/ys = Vir. The inset shows the intrinsig;; extracted current, the effective or the intrinsic @@, andVgS are less than
from experimentalias... the applied biases. We account for this by monitoring the drain
. current and subtracting the ohmic drops across the source and
using the values diey = 20 um andfe, = 10nmandLegSare gy ain resistances. Also due to the ac negative feedback (see inset
included in Table I. For comparison, Chern’s method mentiong Fig. 8 for equivalent circuit) of the source resistance, the in-

is carried out usindty (= 1/gasm). Results are shown in Fig. 6 insic o has to be extracted from the measured quantity,
for (Vg — V) = 1, 1.5, and2 V. The plot yieldsRt = 68 Q

andAL = 0.085 um. These results are shown in parentheses
in the corresponding columns in Table I. It is seen that both 1 .
. ) . — =1+ gmrs) — Ry (8)
parameters are in good agreement with the corresponding values Gds
determmed by the pre;gnt method. . whereg,, is the transconductance at the given intrinsic bias and
Inversion layer mobility for MOSFET as a function of gate .
: ’ : . .27 "s obtained by
bias pi.s(Vgs) is usually extracted directly from the intrinsic
channel conductanggi [2]. The inset in Fig. 7 shows the, _ Bo
for the 0.8m device obtained fromy.,,, data by the equation: gm = 1460 (Ve — Vi)

gas = 1/((1/94sm) — Frr). Using extractedus, Ler, Vr, and Points in Fig. 8 show the intrinsig;, against intrinsid/y, for

the assumed values f@.x and Weg, we obtainedues (Vys) . L ~
from (2). This is shown as points in Fig. 7. It shows the ty the two devices at intrinsiV, — V) = 3 V extracted from

ical dropping off of..¢ With reducingVy, just above threshold gdsm ac_cordlng to (8). Based on thg gradual channel ”.‘Ode' Ll
observed in measurement using (2). This is attributed to tﬂgwce in the linear region of operatiag, at nonzerd/s is
failure nearVr of the assumption that inversion layer charge _ Do
= Cox(Vas — Vir) [2]. The extracted:, andé should also yield 9ds =3 +0 (Vs — V1)

Pegt (em®V's™)

400 1

Gdsm

Vds . (9)

(Vs = Vr—Va).  (10)
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It accounts for the gate bias-induced mobility reduction but [2]
not drain bias effects. Sing&, andé are known for each de-
vice, we can calculate the expectgd. This is shown as dotted 3]
lines in Fig. 8 for the two devices. It is clear that for the shorter
device even for the drain bias of 200 mV, the experimeptal ~ [4]
is significantly lower than the calculated value at the same bias.
For the longer channel device there is no observable difference
between experimental and calculated data. The observed redu¢?
tion for short device is clearly due to those drain bias-induced
effects referred to above but not modeled in (10). This indicatege]
that small-signal,s can be used to determine those SPICE pa-
rameters used to model drain bias-induced effects before ang”
after saturation. This is currently being investigated.

V. CONCLUSION (8]

We have proposed and demonstrated a new and yet simple
method for the simultaneous extraction of the threshold voltage,
gain factor, gate bias mobility lowering factor, and source/drain
series resistance from the measurement of small-signal source-
drain conductance of a single MOSFET. When the measurem|
is carried out for devices with different drawn lengths, it is pog
sible to extract the effective channel lengths and the inversi
layer mobility. Results obtained by this extraction procedul
compare well with those determined by existing measureme
methods. The main advantage of the method is the simplic
and accuracy of the measurement as well as the number of
rameters that can be extracted from a single measurement.

By using small ac signal and avoiding any dc drain bias, the
measurement method has eliminated the influence of drain bias
on the extraction of these parameters that model gate field ef-
fects. The method should be applicable to subshidevices
where the channel electrical properties are more sensitive to
presence of any drain bias. The method should also be direc
applicable to SOl MOSFETs as the measurement deals o
with the inversion layer independent of the presence or absel
of electrical contact to the substrate layer.

We have also demonstrated that small-signal source-dr.
conductance is sensitive to the effects of small changes in
drain bias and therefore would be a good candidate for use to
extract SPICE parameters modeling the effects of drain bias:
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