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Characteristics of Deep-Submicrometer MOSFET
and Its Empirical Nonlinear RF Model

Yi-Jen ChanMember, IEEE Chia-Hung Huang, Chung-Chian Weng, and Boon-Khim Liew

Abstract—Si MOSFET’s with submicrometer gate length were TABLE |
fabricated and characterized by RF evaluation. Devices with a SUMMARIES OF dc AND RF RERFORMANCE OFN-MOSFET's
0.254:m gate length demonstrated a,,, of 258 mS/mm, anf; of WITH A GATE LENGTH oF 0.35, 0.3,AND 0.25 m
28 GHz, and a minimum noise figure of 1.8 dB at 900 MHz. A
nonlinear device model was constructed based on the measured Channel Length (um) 035 0.30 025
results. Empirical equations are used to represent the nonlinear Vs (V) 2.1
elements such agy., Cgs, Cga, Cas, and Rou.. These nonlinear Vi (V) 3.0
elements, together with device parasitics, provide designers with (mS/mm) 242 249 258
a comprehensive model for using these devices for RF circuits. —Emperk
. ] o I (mA) 34.5 44.7 40.7

M(I)rgigéT'l'erms—Emplncal RF model, microwave characteristics, £ (GHz) 296 26.8 280

' £ (GHz) 12.0 12.5 15.0

I. INTRODUCTION

R ECENT advances in SiMOSFET'’s with a submicromete, CHaRACTERISTICS OFDEER-SUBMICROMETER MOSFET'’S
gate length have made these devices an attractive can-

didate for RF designers to implement in microwave circuits S'tn'hMOISFET,S wer(; proce?sed_rﬁy utsmtg advart\cgdl 0.25-
[1]-[3]. Since the manufacturing maturity of Si integrated cirtm sc no o%gon an A]ztm Wﬁ Tlr. ne IS arting mar\]erla was
cuit (IC) technology is well established and is much betterthfﬁSu strate (182 cm). After shallow isolation trenches were

the technology developed for GaAs, Si RF IC’s and, therefo grmed, the well and channel implants were processed and the

plays a major role for wireless communication operated belo%‘te oxidation deposited. The peak doping concentration at the

i 7 o3 ; v
2 GHz. In order to ensure the circuit performance for th%surface is about & 10° cm™*. The physical gate—oxide
|

required frequency bands and also shorten the design Cya'ckngss is 5.5 nm. After gate formation, Iightly_ d_oped drain
device models are very critical [4]-[7]. Also, a well-describe DD) implants were performed, followed by a nitride spacer.

nonlinear device model is crucial for large-signal or harmoniT:he source/dralr_1 region and gate poly were implanted at the
operation. This model should take into account parasitic effed@M€ Step forming h and p" gates for n- and p-channels
which are serious at high-frequency operation. In addition, OS, respectlvely. Subsequently, titanium silicide was formed
comprehensive model should also take care of the nonlin&X the source/drain gate poly. Tungsten plugs for contacts and
elements where these elements are sensitive to bias conditigpgta! interconnect consisting of A-Cu and barrier metals were
In this study, we characterized the dc and RF performantg€d: This 0.25:m n-MOSFET shows a threshold voltage
of the recently developed advanced Si MOSFET's for ma85 0-57 V and a saturation current of 6.27 mA (gatewidth
production with a minimum gate length of 0.2em. As — 10 pum). )
for the MOSFET model, we first evaluated device high- To eva’luatt.a the gate-length-related device performance,
frequency parasitics, and since the RF model is hard MOSFET'S with 0.35-, 0.30-, and 0.2am gates were all
be realized by physical formula, we used purely empiric.{ﬁ‘br'cated simultaneously by the same technology. Device dc
equations to describe these nonlinear behaviors. The fittig/ @nd S-parameter measurement were conducted by HP
parameters in these equations are determined by the meastfreGAP software in conjunction with a network analyzer, a
results. By combining the parasitics and a nonlinear formuf@C Source/monitor, and an RF probe station, and the results
MOSFET's with deep-submicrometer gate length can be fulfy/® listed in Table I. In order to be compatible with the RF

characterized and implemented in RF circuit design. probe, coplanar waveguide structures were used in devices
for the final interconnecting metal layouts. The calibration of
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TABLE 1l
SMALL- SGNAL EQUIVALENT CIRCUIT PARAMETERS OF SUBMICROMETER
MOSFET’s, EXTRACTED FROM THE MEASURED S-PARAMETERS
ate-Length
0.35um 0.30pm 0.25um
Parameters
Ve (V) 2.1
Vs (V) 3.0
Iy (mA) 34.5 4.7 40.7
R, (Q) 40.7 38.1 43.6
R4 () 5.1 4.0 5.3
R (©) 1.1 0.85 1.2
L, (pH) 2.7 1.8 2.5
Ly (pH) 2.3 1.5 1.9
L; (pH) 1.7 0.83 1.0
C,a (fF) 48.0 47.1 41.0
Fig. 1. Measured and simulates-parameters of 0.25m n-MOSFET's. Cys (1F) 245 226 208
(frequencies: from 50 MHz to 6 GHz) Cys (fF) 158 232 106
Rout () 409.9 299.7 183.9
Caa (fF) 600 380 154
This will be confirmed by the following parameter extraction Ry (Q) 269.9 260.5 2702
procedure. ___En(mS) 27.6 29.4 31.5

The measured and modeleSi-parameters of 0.2pm
MOSFET's are shown in Fig. 1, and Fig. 2 shows the
equivalent circuit model. This model includes extrinsié0 the other operational frequencies, we observed a minimum
elements which are bias independent, and intrinsic elemefgjse figure of 1.8 dB at 900 MHz and 3.1 dB at 2.4 GHz.
which will be affected by the bias conditions. In order to obtaihhe noise parameters, which can be expressed by the following
the best fitting,Rqq andCqq in series are needed in the drairfquation, are listed in Table Ill:
end to model the substrate body effect, which is dependent 4Ty — T2
on the substrate bias. Therefore, through the whole course of F = Foin + (1 Ty |2) 1+T |2- 1)
this study, we kept the substrate terminal grounded. Although ? ¢
this substrate bias dependence (so-called body effect) should gate length of 0.3um achieved the lowest equivalent
also be modeled in the source, its effect there is usually f¥ise resistancer,), which corresponds to the lowest noise
significant and can be ignored. These small-signal equivaldigure. If we examine the equivalent circuit parameters in
circuit parameters for MOSFET'’s biased at the same conditidable 11, we find that the MOSFET with a 0/an gate length
are listed in Table II. By shrinking the gate length (as sedlps lowerR, and R, values, and these two elements have a
from Table II), g,, increases and output resistantBo.;) strong influence on device noise figure. The op_timu_m input-
decreases. The decrease Bf,; is resulting from the so- Matching conditions to achieve the minimum noise figure for
called short-channel effect, due to a strong electric field ndhse three devices are more or less located in the same
the drain region. The gate resistard@,) was around 4@, Position.
which is associated with gate resistivity and physical cross
section, and lowers thg,... values. The typical gate resistance [1. N ONLINEAR MODEL FOR
of 27 Q (poly-gate) was obtained in our 0;6n gate-length DEEP-SUBMICROMETER MOSFETS
MOSFET'’s. This 0.2%m process used poly-silicide gate The traditional approach for Si MOSFET RF modeling is
which, in principle, should provide a high thermal stabilityhased on SPICE-related programs. In this case, bokh\dand
and a low resistance. However, the formation of silicide lay@F S-parameter should reach a fair agreement simultaneously
is relatively difficult to be completed in a deep-submicrometeyith the measured results. However, as we can see in Fig. 2, in
region, which causes a higher resistivity. MOSFET's witlddition to the bias independent extrinsic elements, there exists
a 0.3um gate length seem to perform better as far as tReme intrinsic elements such @s, Cys, Cea, Cas, and Roy;
parasitic resistance, i.eR, + R; + Ry, are concerned. The that are influenced by both;; andV,s. These bias-dependent
lower parasitic resistance also yields a lower device noistements are very hard to be formulated by a physical equa-
figure. tion, but the nonlinear behaviors of these elements are very

The device noise performance was evaluated by an on-waifaportant for RF circuit design. Therefore, we used purely
probe ATN system, with results summarized in Fig. 3. Bgmpirical equations to represent these nonlinear elemgpts.
varying Vg, a minimum noise figure of 2.5 dB at 1.8 GHzand V,, are the two variables in these equations, and fitting
was obtained. These minimum noise figures are relativgharameters are determined by the measured bias-depefdent
insensitive to the gate length and bias conditions. However, tharameters. These empirical equations can be fully adopted in
associated gain increased when the gate length decreasedth&scommercially available software for future circuit design.
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Fig. 2. Equivalent circuit model for submicrometer n-MOSFET's, including bias-dependent nonlinear elements.

15 15 80
Lg=0.25um
< * measured |-V curves
£ 60 | ——— modeled I-V curves Vgs=2.8V
ﬁ‘]o_ "1066 _:o ..__--.
) Freq.=1.8GHz o z
_§ —E—L =025 m g "t:’ 40 - =2.1v
—e—1_=0.30 ym > a3 i - :
- 9 [y ‘ L anl®
o —e— L =0.35um o 8 a2
o g @ g « .=
§ 5+ =15 § $ - =1.4v
$ W,A?;-&" £ 20 _: e — e - -]
e IS .
= Y.
(@] =0.7v
0 1 R 1 . 1 R ] 1 0 0 pos s g 8 a;ewy : 1 " 1 PR ——
0 20 40 60 80 0.0 0.5 1.0 15 20 25 3.0
Drain-to-source Current, Ids (mA) Drain-to-source Voltage, Vds(VoIt.)

Fig. 3. Minimum noise figures and associated gains of submicromefeity. 4. Measured and modeledy,—Vy. characteristics of 0.25m
n-MOSFET’s at 1.8 GHz. n-MOSFET’s. The modeled results were obtained from (2), wiigge= 35
mA, Vo =22V, A =0.074, « = 1.3, P, = 0.5, and P, = 0.34.
TABLE I
SUBMICROMETER N-MOSFET’s Noise PARAMETERS AT 1.8 GHz

andV is theV,, at peakg,, position. Fig. 4 shows the mea-
Channel Length (um) | 0.35 [ 030 | 025 sured and modelelV characteristics of a 0.26m MOSFET.
Frequency (GHz) 1.8 It is seen that (2) can fully characterize nonlinéav char-
Va (V) 14 acteristics.
Vi (V) 3.0 Subsequently, a set of multibig&parameters of 0.2&m
L, (mA) 17.6 | 209 [ 236 MOSFET's were measured by a network analyzer. A typi-
R, (normailzed) 27 123 |27 cal S-parameter was first chosen to obtain the best fitting
Uop (mag,) 0.76 | 0.74 | 0.76 according to the equivalent circuit model, shown in Fig. 2.
_Fopt (ang) 140 | 144 | 14.0 Since the parasitic elements in this model are defined as
Gain (dB) 129 | 133 [ 143 bias independent, we kept these values as constants and
Fmin (dB) 27 | 25 ] 29 only modified those bias-dependent elements for the afher

parameter fitting at the different bias conditions. Therefore, we
Since the channel currefi,, ) is dependent o, andV,,, can extract these nonlinear elements, nan@y(Vas, Ves),
the nonlinear current source can be described by the followifga(Vas, Ces), Cas(Vas, Vis), and Roui(Vas, Vgs) based on
equation [8]: the measured results. Then, combining with the previels
Las = (1 + tanh())(1 + \Va) tanh(aVa.) lltilztltzmlg/l,oltSICZOErll?leroedselt_he establishment of empirical nonlinear
where The tanh (z) function is the most common fitting equation
P = P1(Vgs — Vi) + Po(Vis — Vii)? (2) for these nonlinear behaviors [8]. The following equations are
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Fig. 5. Extracted and modeled bias dependent capacitancés,{afb) C.q, and (c)Cqs. The modeled results were optimized by (3)—(5), respectively,
whereCyuo = 105 fF, Pyso = 1, Pyyi = 0.076, Pyso = —0.087, Pyez = 0.041, Qgeo = —0.25, Que1 = 0.13, Q2 = —0.028, Que3 = 1.5 x 107*
in (3), andCgqo = 201 fF, Ryqo = 1.3, Rgq1 = —0.37, Rgq2 = —1.3, Rgqa3 = 0.61, Sgqo = 0.97, Sgq1 = 0.083, Sgq2 = 0.073, Sgq3 = 0.0028,
Sgaa = —0.013 in (4), andCqsp = 609 fF, Tgyo = 0.34, Tgey = —0.57 in (5).

used to get the best fitting faPys(Vis, Vis)s Caa(Vas, Ces),  Where

Cas(Vas, Vis), and Roue (Vs Vis). The RF equivalent circuit Vs = Tiso Vs Jersﬂ/d?S
model is usually used for a device operated in the saturation [1 + tanh(ve)]
region (V4s > 1 V). In addition, due to an increased channel Ryt = Routom (6)

leakage current aVy; > 3 V, which is associated with the where
short-channel effect, we limited the operation voltage below b = Uit 4 Uni1 Ve - Uiio V2 4 Uneri g V3
3 V. Therefore, the results shown below were all obtained in”¢ — ~ w0 ™ Foutl Tgs T Fout2 ¥gs T Hout3 ¥ gs

this region, i.e., 1.0V < Vg < 3.0 V: 17 = Vouto T (Voutt + Vout2 Vs ) Vas + Vours Vg + Vouta Viis-
B Fig. 5(a)—(c) shows the result for extracted and modeled
Cos = Cgso[1 + tanh(y1)][1 + tanh(y2)] (3) Cer Cya, andCy,, respectively. These nonlinear capacitances
where can be well modeled by the empirical equations shown previ-
) 5 ously.Cys, which is associated with the gate—oxide capacitance
Y1 = Pyso + Py Vs + P2 Vs + PV and the depletion region near source end, is mainly determined
Vo = Quso + Qus1 Vas + QuaaVii + Qee3Vid by Vi, and it is lessVy, dependent.Cyq has a strong
Cod = Cogol1 + tanh(wa)[1 — tanh(e 4) dependence orl,, which results from gate-to-drain bias
e wtol Wl ¥s)] @) conditions. AtV = 1.4 V, Cgq is less dependent ok,
where which is due to the reversed p-n junction depletion at drain end.

. 2 3 Under a highei,, bias conditionCyq increases and is more
V3 = Fgao + Fgar Vi + RgazVs + Rgd?’vg; ,  dependent oV, due to a decrease of this depletion region.
P4 = Sgao + (Sgar + SgazVes)Vas + SeasVis + SeaaVie €y, represents the drain-to-source substrate depletion effect,
Cys = Cuso[l — tanh(vs)] (5) which is mainly determined by, and it is less dependent
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Fig. 6. Extracted and modeled bias dependent resistdigg, where
lefO 256 Qv erlff) 34v erlﬂ 069y lrout? _019,
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and Vouea = 0.58 in (6).

on V4. The variations of these bias-dependent capacitanc

(4]
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The behavior of R.,. (shown in Fig. 6) has a strong
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based on the results shown in Figs. 5 and 6, although thk‘ ,‘

nonlinear elements were extracted from #$wparameters, the

bias-dependent behaviors are qualitatively consistent with the

physical predictions.

IV. CONCLUSION

In summary, for the first part of this paper, we charac
terized the dc and RF performance of deep-submicrome
MOSFET’s. We observed the enhanced device performance
shrinking the gate length down to 0.28n. Based on the mea-
sured dd-V and.S-parameters, we constructed a nonlinear R.
model for a 0.25:m MOSFET. The empirical equations can

fully model the behaviors of the nonlinear intrinsic elements.
By combining nonlinear and bias-independent parasitics, ~~

RF model for MOSFET is established for future circuit desig
of wireless communication.
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