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Relationship Between Measured and Intrinsic
Transconductances of FET’s

S. Y. CHOU anp D. A. ANTONIADIS

Abstract—In exploratory study of FET’s, such as the study of deep-
submicrometer-channel FET’s, carrier transport quantities are ex-
tracted from the measured transconductance of a FET. The extraction
requires that the intrinsic transconductance of the device be calculated
from the measured one, which is generally degraded by source and
drain parasitic resistances. We have derived an equation that allows
the calculation of the intrinsic transconductance of a FET from the
measured transconductance, under the assumption that source and
drain series resistances are independent of bias. The derivation does
not assume zero drain conductance, nor does it involve any specific
FET model. Therefore, the derived equation works in both saturation
and linear regions of a FET, regardless of its channel length. The equa-
tion was tested by adding external resistors in series with source or
drain of ultra-short-channel MOSFET’s. Within the accuracy of the
measurements, experimental results have proved that the equation is
correct,

I. INTRODUCTION

The measured transconductance of a FET g, is always smaller
than the intrinsic transconductance g, because of the effect of
source-drain series resistance. In the case of high source-drain se-
ries resistance and/or of high intrinsic transconductance, the dif-
ference between the g, and g,, can be large. Since the intrinsic
transconductance is directly related to the FET theory and in par-
ticular carrier transport properties, it is often required to extract
accurately the intrinsic transconductance from the measured one.
However, the commonly used equation [1], [2]

Bmi = gm"r(l - Rng) (l}
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Fig. 1. Model for the source-drain series resistance of a FET.

where Rj is the parasitic series resistance at the source side, is ac-
curate only when the drain conductance equals zero. Obviously,
this condition is satisfied in a long-channel FET in saturation. In
the linear region of any FET or in short-channel FET's with high
drain (output) conductance, (1) becomes inaccurate. Using the usual
small-signal equivalent model for a FET in the following section,
we derive an equation that relates g,, to &mi» With only one assump-
tion, namely that the source and drain series resistances are inde-
pendent of voltage bias. The derivation is independent of any spe-
cific FET model. Although source-drain series resistance effect is
included in many CAD FET models, we believe that this is the first
time that a comprehensive analytic equation is given. In Section
111, experimental results show that (1) is indeed inadequate, and
that the new equation works very well in both saturation and linear
regions of short-channel MOSFET’s.

II. DERIVATION

Suppose that a FET has a parasitic source-drain series resistance
Rsp = Rs + Rp as shown in Fig. 1, and that the Rs and Ry are
independent of the voltage bias. The differential of drain current
dlpg can be written as

dlps = (lps/3V i)y, dVs + (3lps/d Vbs)|vedVbs

= 8midVgs + g4:dVps (2)
where g,; is, by definition, the intrinsic drain conductance. Since
Vbs = Vps — Rsplps

Ves = Vs — Rslps
it follows that at constant Vg (i.e., dVps = 0)

dVps = —=Rgpdlps (3)
dVgs = dVgs — Rgdlpg. 4)

Putting (3) and (4) into (2), we have
8mi = (1 + Rsp24)8m/(1 — Rsg,,) (5)

where g, = (3lpg/dVs5)| vy is the measured transconductance. By
a similar derivation, it can be readily shown that

84 = (1 + Rsgn)84/(1 — Repgy) (6)

where g, = (81p5/0Vpg)| vy is the measured drain conductance.
From (5) and (6), we have the intrinsic transconductance

8mi = 8a/1 — Repgy(l + Rsgd)] @)
and the intrinsic drain conductance
8ai = 83/l — Rsgn(l + Repgd)] ~ (8)

where g0 = g,/(1 — Rsg,) and g} = g,/(1 — Rspg,). Note that
when drain conductance g, is equal to ze o, (7) becomes the same
as (1).

III. CoMPARISON WITH EXPERIMENTS

Two ultra-short-channel Si MOSFET's were used to test (7).
Devices 1 and 2 have electrical channel lengths 145 and 125 nm,
respectively, and were fabricated using X-ray lithography [3]. The
channel lengths were determined by the so-called ‘‘closed chan-
nel’” method (CC) and by an electrical measurement method (EM)

TABLE I
ELECTRICAL MEASUREMENT OF SOURCE-DRAIN SERIES RESISTANCE Rgp, OF
Two SHORT-CHANNEL MOSFET's
ON DRAIN SIDE ON SOURCE SIDE
Mexi 0 | Reat*280) | Reyy*51L30 | Rexy 289 | Reyy 51,302
DEVICE Replfl) | 95.4 124.6 119 123.5 147.6
aln)| o 29.2 536 28.1 52.2
1 lom| o 1 5 001 06
RsalN2}| 914 120.4 1447 120.5 1444
DEVEE) Ay | 0 29 53 29.1 52.9
2 lgwm| o 08 14 0.9 i
TABLE II

ELECTRICAL MEASUREMENT OF SOURCE-DRAIN SERIES RESISTANCE Rp OF
5-pm-CHANNEL MOSFET AT DIFFERENT EXTERNAL SERIES RESISTANCE

[/ ligp H Frror
A ) | () | (%)
0 193.2 0 0

51.2 | 2436 | 504 | -0.4
100.1 | 203.9 [ 100.7 | 0.2
200.7 | 404.7 | 201.5 | -0.05
528.1 | 720.5 | 5363 | 1.2
0G4.8 | 1152.8 | 959.6 | -0.5

[3], [4]. Both devices showed well-behaved quasi-long channel
I-V characteristics. An external resistor R.,, was put in series with
sourc or drain of the devices. Rgp was measured by an electrical
measurement method as described in the next paragraph. We as-
sumed that Ry, = Ry, when R.,, = 0. Therefore both Rsp and R;
can be determined. Then the transconductance &m and the drain
conductance g, with various nonzero values of R.,, were measured
at Vpg and Vg, which corresponded to the same Vs and Vi to
avoid errors introduced by the dependence of g, and 84i on these
quantities. Finally, g, were calculated according to (7).

The electrical measurement of Rgp (EMR) is similar to the
method proposed by Suciu and Johnston [5]. In our case, the mo-
bility degradation coefficient U, is negligible compared with 8, R;p,
where 8, ~ 50 mS/V. We dropped the U, term, so the Rsp of a
device can be determined from its own Ips versus Vs measurement
at low source-drain bias, without the cooperation of any additional
devices. Rgp was assumed to be independent of gate voltage. This
is justified in our case, because the n* sheet resistance dominates
the total R, (due to nonself-aligned structure) and the spreading
resistance at the corner of the n* region, which depends on gate
voltage, is only about 3 percent of the n* sheet resistance. The
accuracy of EMR was checked by putting external resistors R, in
series with source or drain. The results are given in Table I, which
shows that the error, ¢ = (A — Rex)/Rsp, of EMR measurements
is less than 2 percent, where A = Rsp — Rgp(0) and Rsp(0) is the
source-drain resistance measured at zero external series resistance.
The measurement of source-drain series resistance of a 5-pm-chan-
nel Si MOSFET, which displayed impeccable long-channel char-
acteristics, is shown in Table II. As can be seen, similar accuracy
is obtained.

We measured the transconductance &~ and drain conductance g,
of the short-channel devices in the saturation region first. The g,
calculated from (7) are shown in Table III. g% is the conventionally
corrected transconductance calculated from (1), and ¢° = (g -
32:.‘ (Rew = 0)}"’826 Ry =0)and o = (8mi = 8mi(Reyy = 0))/ g (R.;
= 0) are the relative errors of the two transconductances g'g,,- and
8mi- Table III shows that g, calculated from different R.,, have

exl
errors smaller than 1.5 percent, except for device 2 when R,,, =
28 and 51.3 Q. We believe that these larger errors are due to the
inaccuracy in the g,, measurement, which is estimated about +5
percent (it can be shown from (7) that in our case the accuracy of

Rs and R measurement is not as crucial as that of 8, measure-
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TABLE 111
INTRINSIC TRANSCONDUCTANCE AT SATURATION g,,; CALCULATED FROM
MEASURED TRANSCONDUCTANCE g, AND DRAIN CONDUCTANCE g,
AT DIFFERENT EXTERNAL SERIES RESISTANCE R%, (IN SERIES

WITH THE DRAIN) AND RY, (1N SERIES WITH THE SOURCE)

fsp fs | am  9¢ | Ghi | 0° | dmi | O
(1 () | tmS1 (nS) || (mS5) kA fm5]) k)
Mgt = 0 954 ALT | 453 1.2 5.70 (0] 677 0
DEVICE nEDl' 2001 | 1296 417 44 LIG 5.56 | -38 6.02 | 107
I'Tenl =510 149 AT | 4T .12 536 | -7.3 670 | +0.2
! ngﬂ 2001 | 1235 758 10 092 571 | -07 GAG | 113
nie=sin | 176 909 | 355 084 | 550 [-a0 | 600 | 104

Rexi =0 914 457|501 18 | 855| o | 833| o
pevice | Wea=200 | 1204 457 | 473 176 | 603 | -8 | 827 |-07
» rhyesin | 1947 457 | A%z 170 | 570 |-13 | 826 | -08

REy:200 | 1205 740 | A4 145 591 |-98 791 | -5
Tl:'u=5l n| M4 984 7 1.2 5.01 |-11.3 7.99 | -4l
TABLE IV

INTRINSIC TRANSCONDUCTANCE AT LINEAR REGION G,,; CALCULATED FROM
MEASURED TRANSCONDUCTANCE g, AND DRAIN CONDUCTANCE g, AT
DIFFERENT EXTERNAL SERIES RESISTANCE RD, (1N SERIES

WITH THE DRAIN) AND RZ,, (IN SERIES WITH THE SOURCE)

Fxlernnl | Hso s | gm g4 g | O Gmi | O
Resistor [ () (2] | (mS)  (mS) || (mS) % (mS) | %
Meny =0 954 477 | 042 58 | 0429 0.984
DEVICE ncnm?.ﬁ 1216 A7.7 | 039 19 (10397 | B3 1.052 | +7%

1 n;’,.zﬁl 149 477 | 033 445 | 0335 )-219 1.027 | +4%
rcé..: 20 | 1235 758/ 04l 47 || 0423 | -1.5 1.055 [+7.2%
Riy=51 [ 1476 999 | 032 4.2 {033 | 231 || 0919 | -66%

Ret=0 | 914 457|034 695 {0.315 0.974
nGy=26 [ 1204 457 0.3 58 [ 0.304(-119 [ i.042| +7%
RGy=5t | a7 as7| o029 55 Jo.242| -30 [ 0.984 | ¢1%
2 | nsy-20 | 205 748|028 57 |o.286 |- | 0.997 |+2a%
REy=sl | 1Al 904|022 52 foz2a|-35 | og6l |-13%

NEVICE

ment). If the g,,'s in this case were increased by less than 3 percent,
the errors of g,; would become smaller than 0.5 percent. Note,
however, that g has consistently larger errors than g,,;. Also note
that the relative errors of gl ¢° are not random. Instead, it is
always negative, and increasing as R, increases. This implies that
¢’ is caused by the inaccuracy of (1).

Equation (7) was further tested in the linear region of the
MOSFET's. Results are shown in Table IV. It is well known that
(1) fails in the lincar region. Table IV shows that this is indeed the
case, However, the errors of g,,;, calculated from (7), are less than
8 percent. Given an estimated + 10 percent inaccuracy in g, and
g4 measurements in the linear region, the data fit (7) remarkably
well.

A further indirect test of (7) in the linear region is to calculate
the channel lengths L of devices from the extracted g,,;, using the
quasi-long-channel model

L= anxf"'ﬂVE)S/gmr' — Vos/E, 9)

(the derivation is given in the appendix), where W is the width of
the device, C,, is the capacitance of the gate oxide, pq is the low
lateral field mobility, and E, is the critical field for velocity satu-
ration. Use of the quasi-long-channel model is justified because the
devices showed long-channel-like behavior at low Vps. If g, is
cxtracted accurately, L calculated in this way should be the same
as that obtained from the other methods such as CC and EM. In
fact, the L's calculated from (9) with g,; from (7) are 145 nm for

device | and 120 nm for device 2, which agree with L's determined
from the CC and EM methods within +35 percent.

Finally we comment on the effect of the drain conductance g,.
It can be seen from (7) that for a fixed intrinsic transconductance,
the higher the drain conductance, the lower the measured transcon-
ductance. In other words, to achieve high measured transconduc-
tance, the drain conductance should be minimized.

IV. CoNCLUSION

An equation relating the measured to the intrinsic transconduc-
tance of a FET has been derived. Within the measurement errors,
experimental data show that the equation is correct in both satu-
ration and linear regions, regardless of the channel length.

APPENDIX

For a long-channel MOSFET in the linear region (Vps << Vs
= V-f), Bmi = WCO“U.Vble, where pn = .l.l.of(l + VE)S;E(.L) Pl“tlng
the two equations together, we have (9) in the text. Two things
should be pointed out: 1) equation (9) is accurate only when Vpg
<< E.L, and 2) E_ depends on temperature. At low temperatures,
E. can be much smaller than that at room temperature because E,
~ vspat/po Where vsyt is the saturation velocity, and py becomes
very large at low temperatures. Therefore when doing measure-
ments to extract MOSFET channel lengths at low temperatures, the
condition Vjs << E_L is more stringent than Vjs << (Vgs— V7).
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