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Narrow-Width Effect on High-Frequency
Performance and RF Noise of Sub-40-nm
Multifinger nMOSFETs and pMOSFET's

Kuo-Liang Yeh, Member, IEEE, and Jyh-Chyurn Guo, Senior Member, IEEE

Abstract—The impact of narrow-width effects on high-
frequency performance like fr, farax, and RF noise parame-
ters, such as N F,,;,, and R,,, in sub-40-nm multifinger CMOS
devices is investigated in this paper. Narrow-oxide-diffusion (OD)
MOSFET with smaller finger width and larger finger number can
achieve lower R, and higher fy;ax. However, these narrow-OD
devices suffer fr degradation and higher N F,,;,, even with
the advantage of lower R,. The mechanisms responsible for the
tradeoff between different parameters will be presented to provide
an important guideline of multifinger MOSFET layout for RF
circuit design using nanoscale CMOS technology.

Index Terms—fniax, fr, multifinger, nanoscale CMOS,
narrow width, N F,,,;,, RF noise, R,.

I. INTRODUCTION

ANOSCALE CMOS devices adopting multifinger lay-
out have been extensively used in modern RF circuits
and proven successful to improve high-frequency performance,
such as higher fr and fyax, driven by gate length scaling, and
lower RF noise due to lower gate resistance (R,;) from multi-
finger structure [1]-[5]. Unfortunately, the continuous increase
of finger number (V) and reduction of finger width (W) for
smaller 2, may lead to the penalty of lower transconductance
(9m) and larger parasitic capacitances. The former one comes
from stress-induced mobility degradation, and the latter one
stems from gate-related fringing capacitances [6], [7]. Both
cannot be scalable with device scaling, and the impact may
dominate high-frequency characteristics in nanoscale devices.
In our previous work on multifinger devices in 90-nm CMOS
technology [7], we achieved the important finding that the
kind of parasitic capacitances, which cannot be removed by
existing open deembedding, was contributed from the poly
finger sidewall and finger-end fringing capacitances, namely,
Cot and Cf(poly end)- Note that Cr(,oly ena) increases linearly
with N and the impact on high-frequency performance may
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Fig. 1. Schematics of multifinger MOSFETSs with different layouts. (a) Stan-

dard multifinger device: Wr X Np =2 pum x 32 (W2N32). (b) Narrow-OD
device: Wp x Np =1 um x 64 (WIN64) and 0.5 pm x 128 (WO5N128).

become significant in multifinger devices with very narrow Wg
and very large Nr. Meanwhile, AW caused by STI top corner
rounding (TCR) becomes a critical parameter when trying to
minimize R, by continuously increasing Ny and reducing Wr
[7]. Both C'¢(poly endy and AW appear as two key factors for
an accurate extraction of effective mobility (ji0f) in multifinger
devices with narrow width. Also, AW may offset the impact of
STI stress on piep. However, the mentioned study was focused
on dc characteristics and flicker noise limited to nMOSFETSs,
and the potential impact from narrow width on high-frequency
performance and RF noise remains unknown and deserves
further research effort.

In this paper, the impact of aggressive width scaling on fr,
fmax, and RF noise parameters in multifinger devices will be
explored. The investigation will be carried out on both nMOS
and pMOS, which were fabricated by 65-nm CMOS process,
with gate length aggressively scaled to below 40 nm.

II. DEVICE FABRICATION AND CHARACTERIZATION

In this paper, multifinger MOSFETs were fabricated in
65-nm CMOS process with gate oxide of 1.4-nm physical
thickness. The gate length drawn on the layout is 60 nm, i.e.,
Ldrawn = 60 nm, and the total gate width Wi, is fixed at
64 pm. Fig. 1(a) and (b) shows multifinger MOSFET layouts,
namely, standard and narrow-oxide-diffusion (OD) devices
in which o/, and o, denote the longitudinal and transverse
stresses introduced from STI (OD means oxide diffusion,
i.e., active area). The finger width was reduced from Wr =
2 pm for standard device (W2N32) to Wr =1 pm and
Wpr = 0.5 pum for narrow-OD devices (W1N64 and WO5N128)
to investigate the impact from layout-dependent stress (o),
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TABLE 1

STRESS FAVORABLE FOR MOBILITY ENHANCEMENT IN nMOS AND
pMOS, ALONG LONGITUDINAL AND TRANSVERSE DIRECTIONS [12]

Directions Stress favorable for mobility enhancement
NMOS PMOS

Longitudinal () Tensile Compressive

Transverse (o) Tensile Tensile
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parasitic capacitances, and parasitic resistances on high-
frequency performance.

S-parameters were measured up to 40 GHz by Agilent net-
work analyzer E8364B for high-frequency characterization and
device parameter extraction. An open deembedding to the bot-
tom metal (M 1), namely, openM1, was performed to remove the
extrinsic parasitic capacitances from the pads, interconnection
lines, and substrate. Three-dimensional interconnect simulation
was carried out using Raphael to extract the intrinsic parasitic
capacitances, such as Cor and C'y(poly ena) [7]. In this way,
taking openM1 deembedding and Raphael simulation, both the
extrinsic and intrinsic parasitic capacitances can be eliminated
to obtain the truly intrinsic gate capacitances. Also, shortM1
deembedding was done to remove the parasitic resistances and
inductances. H-parameters and unilateral gain (U) obtained
from S-parameters after the mentioned openM1 and shortM1
deembedding can achieve fr and fyiax of the intrinsic device
[8]-[11]. Also, Y- and Z-parameters can be used to deter-
mine the intrinsic device parameters, such as gate capacitances
(Cge and Cya), gm, and R, associated with the multifinger
MOSFETs.

III. LAYOUT-DEPENDENT EFFECTS ON DEVICE
CHARACTERISTICS OF MULTIFINGER MOSFET

Layout-dependent stress effect becomes increasingly signif-
icant with device scaling and has been known as an important
factor influencing the carrier mobility, transconductance (g, ),
and channel current (Ipg). Table I shows a brief summary
of the stress in different directions, which can favor mobility
enhancement in nMOS and pMOS, respectively [8]. The tensile
stress in longitudinal direction (¢0/,) can enhance electron
mobility in nMOS but degrades hole mobility in pMOS. As for
the transverse stress (o ) of our major interest, the compressive
stress from STI always leads to mobility degradation in both
nMOS and pMOS [12], [13]. In this paper, narrow-OD layouts
were implemented to enhance ¢, and investigate the impact
on device characteristics, with major focus extended to high-
frequency performance and RF noise.

A. STI Transverse Stress Effect on g, of Narrow-OD
nMOS and pMOS

Transconductance g, has been known as one of the key
parameters governing high-frequency performance, noise, and
also dc gain (A, = ¢g;n/gds), which are of special concern in
RF and analog circuit design. Fig. 2(a) and (b) shows g,,-
versus-Vg in linear region measured from nMOS and pMOS
with different multifinger layouts, such as W2N32 (standard)
and WIN64 and WO5N128 (narrow OD), shown in Fig. 1.

0.0 04 02 03 04 05 06 0700 01 02 03 04 05 06 0.7
Ver (V) Vel (V)

Fig. 2. Transconductance gy,-versus-Vg in linear region, measured from
(a) nMOS with W2N32, WIN64, and WO5N128 and (b) pMOS with W2N32
and WIN64. |Vpg| =50 mV and Vgt = Vs — V.

Note that Vot = Vas — Vi is used to offset Vi variations
due to inverse narrow-width effect [14]. The result for nMOS
[Fig. 2(a)] indicates a monotonic degradation of g,, with Wg
scaling and suggests that p.g degradation from STI o, (along
the width) is the dominant factor responsible for the lower
gm suffered by narrow-OD nMOS. However, pMOS shown in
Fig. 2(b) reveals a dramatically different result that W2N32 and
WO05N128 have nearly the same g,,, over the full range of Vg.
This interesting phenomenon suggests that the lower pog from
narrower W is no longer the dominant factor determining g.,,
and other parameters may offset . degradation and recover
gm to a comparable value. To explore the mechanism under-
lying the unusual narrow-width effect on g,,, we propose to
revisit the fundamental /-V model for MOSFET in which the
width scaling effect on the parameters other than g should be
taken into consideration.

B. Device Parameter Extraction and for Narrow-Width Effect
Analysis in Multifinger nMOS and pMOS

According to the linear -V model used for CMOS devices
given by (1), g,, can be derived from the differential of Ipg
w.r.t. Vos and written as (2). Note that the effective width
(Weg) for multifinger MOSFETS is expressed by (3) in which
AW represents width extension created by STI TCR. We can
understand from this model that the narrower W may lead
to lower g,, due to us degradation caused by larger STI o,
but an aggressive reduction of W may result in a significant
increase of W.g due to nonscalable AW and then contributes to
higher g,,,. The narrow-width effect on g,, is determined by the
tradeoff between the lower peg and wider Weg. To verify and
justify the mentioned argument, peg and AW appear as two
key parameters and can be extracted by using our proprietary
capacitance method [7]

\%
Ins =West Cox(inv) (Vas — Vi — AVbs) eff% M
8IDS VDS
m = = e x(inv) Meft 77— 2
g oVas Wett Coxtinm) 1t HLeff @
Wesr = (Wr + AW) x Np ¥

where Coy (iny) is the equivalent oxide thickness under inversion
and Leg is the effective channel length.

In the following, the basic device parameters, such as L,
Tox(inv) OF Cox(inv)> Cof, and AW, will be determined, and
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Fig. 3. CggpuT,0M1)-versus-Np extracted by using openM1 deembed-
ding on multifinger MOSFETs with various W and N under fixed Wg X
Np =64 pm. (a) nMOS: W2N32, WIN64, and WO5N128. (b) pMOS:
W2N32 and WO5N128.

then, pes can be extracted with sufficient accuracy. First,
Fig. 3(a) and (b) shows Cye(puT,0M1) €Xtracted using openM 1
deembedding for nMOS and pMOS with various Wr and Ng
as specified. The Cyg(puT,0M1)-Versus-Nr reveal a linearly in-
creasing function. Theoretically, the truly intrinsic Cye of mul-
tifinger devices with fixed Wi, = Wr x Np should remain
constant under various Nz. The increase of CyepuT,0M1)
with N suggests the existence of some parasitic capacitances,
which cannot be removed even using openM1 deembedding.
Following our previous work [7], two components of gate-
related fringing capacitance, such as Cy (finger sidewall) and
Cf(poly end) (finger end), have been identified as the kind of
intrinsic parasitic capacitances, which cannot be eliminated us-
ing existing open deembedding. According to our capacitance
analysis method, the linear function of CygpuT,0oM1) Versus
Np can be modeled by (4)-(6), in which C'f(poly end) and
Cyt contribute to the slope « and intercept 3, respectively.
Both Cot and C'y(poly ena) can be calculated by Raphael. The
simulation based on 65-nm CMOS technology and layout
parameters achieves Cor = 0.23 fF/um and Cj(poly end) =
0.06764 fF/finger. Referring to Fig. 3, o and /3 extracted from
Cge(puT,0M1) Versus Ny are 0.0905 fF/finger and 52.49 fF
for nMOS and 0.111 fF/finger and 51.1 fF for pMOS. The
physical gate length (L,) can be extracted by (7), with known
B and Cy¢, under specified Wy and Np. The results indicate
L, = 35 and 37 nm for nMOS and pMOS, respectively. Finally,
AW can be extracted from (8) with given o and C' F(poly end)
and Cox(inv) Ly determined by (6). Interestingly, AW extracted
from pMOS is 77.1 nm, which is around two times larger than
AW = 38.7 nm for nMOS. This large AW can contribute
more than 10% We.g in WO5N128, and it appears as a key
factor offsetting pog reduction due to STI o . It can explain
why the pMOS reveals nearly the same g,, between W2N32
and WO5N128 [Fig. 2(b)]. Table II summarizes the device
parameters extracted from the multifinger nMOS and pMOS
following the mentioned extraction flow. Note that the extracted
Tox(inv) approaches the target Ty (iny) With a difference as
small as 0.5—1.0 A. It is important to justify the accuracy and
precision of the basic parameters like Coy(iny), Ly, and AW to
ensure an accurate determination of fieg

“)
o= (AW . Lg)cox(inv) + Cf(poly end) (5)
B = (Cox(inv)Lg + Cot) WrNp (6)

CegmuT,0oM1) =Np + 3

TABLE II
MULTIFINGER nMOS AND pMOS DEVICE PARAMETERS

Device types NMOS PMOS
a fFifinger 0.0905 0.1115
B fF 52.49 51.1
Lg pum 0.035 0.037
Toxiny) target A 20.0 21.5
Cotsim fFlum 0.23 0.23
Crolyend,sim fF 0.06764 0.06764
Cox(inv) =(BIWEN-C )Ly fFlum? 16.805 15.363
T i E oo Sontiny) A 20.548 22.476
AW=(0-Cppopyenal(CoxginyLg) | 1M 0.0387 0.0771

-
o
o

o

35nm NMOS = W2N32 37nm PMOS = W2N32
V_ =50 mV A WiNe4 V_=50mV ® WO5N128
_sope WANS2 o wostzs| | Jwans2, 0 5
'p ..I Addas l... - - L L v
8sof LV As, ", B e e, n NE
NE aadt WING4 Fama, *® wosNizs "%, JoTE
L 70t ..""."o Aa, <
x «**” WosN128° %, A
E %o, 120
60} ®o
(a) (b)
oL . 10

5 . L N L . 2 " L L n L L f
00 01 02 03 04 05 06 07 00 01 0.2 03 04 05 0.6 0.7

Ver (V) Ve 1

Fig. 4. peg-versus-Vgr extracted from linear /-V  for multifinger
devices. (a) nMOS: W2N21, WIN64, and WOSNI128. (b) pMOS:
W2N32 and WO5N128. Weg = Np(Wgr + AW). |Vpg| =50 mV and
Var = Vas — Vr.

ﬁ Cof
I = — 7
7 WgrNp C10)((inv) C’ox(inv) @
AW — o — Cf(poly end) (8)

Cox(inv)Lg

C. Effective Mobility Extraction and Narrow-Width Effect

The effective mobility peg can be extracted from linear /-V
model given by (1) and written as (9) in which W.g has been
accurately determined by including AW. Note that Vpg is
the drain bias applied to the effective channel region defined
by L.s and obtained by subtracting the voltage drop across
the parasitic S/D resistances, Rg and Rp. Herein, Leg, Rg,
and Rp can be determined by our decoupled C-V method
[15] based on the precisely extracted L,. Fig. 4(a) and (b)
shows pieg-versus-Vgr extracted from nMOS and pMOS with
specified split of W and Np. The results indicate a monotonic
reduction of peg with W scaling (both nMOS and pMOS) and
manifest the increasing impact of STI o, on peg in narrow-
OD devices. To verify the accuracy of extracted p.g and the
influence of AW, po extracted by assuming AW = 0is added
into the same plot for a comparison, as shown in Fig. 5(a) and
(b) for nMOS and pMOS, respectively. We can see that jieg
determined by using extracted AW can achieve a good match
with peg calculated by po[l — k x log(Wyer /Wr)] [13], [16].
However, the assumption of AW = 0 leads to certain deviation,
particularly large for pMOS. Again, this verification justifies
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Fig. 5. Extracted peg with different AW versus calculated pog with width-

dependent stress effect. (a) nMOS: AW = 0 and 38.7 nm, and k = 0.3465.
(b) pMOS AW = 0 and 77.1 nm, and k = 0.1598.

the accuracy of extracted AW. The difference of AW between
nMOS and pMOS suggests that STI TCR is dependent not only
on STI etching profile and postetching thermal budget but also
on implantation and postannealing process. The differences
in gate oxide thinning and gate depletion near the STI top
corner, between nMOS and pMOS, may be one more reason
responsible for the AW difference. Note that this difference is
determined not only by STI process but also by the gate stack
process

_Ips 1 ©)
fett VDS Cox(inv) (VGS - VT - AVDS)Weff/Leff
Vbs = Vbs,ext — Ips(Rp + Rs). (10)

D. Gate Resistance Extraction and Layout Dependence in
Multifinger MOSFETs

Gate resistance R, has been recognized as the most critical
parameter determining fyiax and RF noise parameters, such
as NF,, and R,, [8]-[10]. However, an accurate extraction
and modeling of I, remain a challenging subject. Most of the
previous works relied on curve fitting to the measured input
impedance for 17, extraction. As a result, it is difficult to figure
out a scalable R, model, which can predict layout and bias
dependence. The mentioned problem adds the challenge to
high-frequency simulation accuracy, particularly for the design
with special concern of fyrax and RF noise [17]. First, an an-
alytical expression with Z-parameters, expressed by (11)—(13),
was proposed for I?, extraction [18]. This Z-method requiring
measurement up to infinitely high frequency faces the limitation
of existing vector network analyzer. An alternative approach
by curve fitting was proposed based on the assumption that
the frequency-dependent term in (11) with A, and B given by
(12) and (13) becomes negligible at sufficiently high frequency.
Afterward, another I?, extraction method using Y -parameters
was presented and given by a simple formula (14) [19]. This
Y -method looks much simpler and may avoid the difficulty
in measurement to infinite frequency. Both Z- and Y -methods
were applied to our multifinger devices to verify the accuracy
and limitations in I, extraction. The results indicate that 2,
extracted by these two methods reveals a dramatic difference
at lower frequency but tends to converge to nearly the same
value at very high frequency, up to 35-40 GHz, expressed by
(15). However, this convergence is achievable only for W2N32
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Fig. 6. Rg-versus-Vgg extracted from Re(Z11 — Z12) at very high fre-

quency for multifinger devices. (a) nMOS (W2N32, WIN64, and WO5N128)
and (b) pMOS (W2N32 and WO5N128).

(standard) and becomes invalid for narrow-OD devices, such as
WIN64 and WO5N128. The major problem happens when try-
ing to apply the Y -method to narrow-OD devices, in which the
extracted R, is underestimated due to overestimated Im(Y31),
by including Cor and Cf(poly end)- Note that both Z- and
Y -parameters went through openM1 and shortM1 deembed-
ding, but the openM1 cannot remove Cof and C'y o1y end)- The
impact on Im(Y7) increases with increasing N and leads to
underestimated R,. The mentioned verification suggests that
Y -method cannot be applied to narrow-OD devices with very

narrow Wr and very larger Np
Ay
Rg :RG(ZH — Z12) — w2 n (1])
A — Cas [gds(cgs + Ogd) + nggd]
. (Cgscds + CvgsC’gd + ngcds)2
9ds
- (12)
(Cgscds + Cgs ng + ng Cds)
B— gds<Cgs + ng) + nggd (13)
(CgsClas + CgsCa + CgaCas)
Re(Y]
)= Lll)z. (14)
[Im(Y11)]
For W2N32 at very high frequency up to 35-40 GHz
Re(Yn)
Ry = Re(Z11 — Z12)|35-40 GHz = ——— 5 |35-40 GHz-
! [Im(Y3)]>
(15)

According to the aforementioned verification and identified
mechanism, Z-method was adopted as a reliable solution.
Fig. 6(a) and (b) shows R, extracted from nMOS and pMOS,
respectively. The narrow-OD devices can achieve smaller R,
i.e., the expected benefit from smaller Wy and larger Np.
nMOS and pMOS indicate similar result in layout and Vg
dependence. Fig. 7 shows that the extracted R, versus Wy can
be approached by a simple analytical model given by (16), in
which the first term from poly sheet resistance (Rgp(poly)) iS
proportional to W /Np and the second term from the contact
resistance of M1 to poly gate (Rcr(poly)) i proportional to
1/Np. The good match between the extracted and calculated
R, suggests that (16) can serve as a scalable model to predict
the layout dependence of R, in multifinger devices with various
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Fig. 7. Extracted and calculated Rg-versus-Wpg for multifinger devices.
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Fig. 8.  gm sat-versus-Vgr in saturation region, measured from (a) nMOS
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Wr and Np. In the following section, the influence of 12, on
fuax and RF noise parameters like R,, and N Fy;, will be
investigated

_ Rsupoly)

Wg  Rcrpoly)
R — E L THCT(poly)

N N+ AR,

(16)

IV. NARROW-WIDTH EFFECT ON HIGH-FREQUENCY
PERFORMANCE AND RF NOISE

The influence on fieg, gm, Cge, and R, from narrow-width
effects (STI o, TCR-induced AW, Cy¢, and C(poly end))
suggests an extended impact on fr, fpax, and N Fiyi,, which
are key performance parameters for RF circuit design. The
experimental results and detailed analysis will be described as
follows.

A. Narrow-Width Effect on fr in Multifinger
nMOS and pMOS

First, Fig. 8(a) shows g, sat-versus-Vgr in saturation re-
gion (Vpg = 1.0 V) measured from nMOS with standard and
narrow-OD layouts. The result reveals a monotonic degradation
of gy sat With W scaling, which follows the same trend as that
of linear g,, [Fig. 2(a)] and reflects the extended impact from
STI o, to saturation velocity. The g, sat degradation reaches
12.1% for WO5N128 compared to W2N32 (standard). As for
pMOS shown in Fig. 8(b), the gy, ¢at degradation of WO5SN128
becomes much smaller to around 3%. Again, it indicates that
9m,sat degradation from compressive 0| can be compensated
by much larger AW (77.1 nm) in pMOS, which results in a
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Fig. 9. Multifinger nMOS with W2N32, WIN64, and WO5N128. (a) Mea-
sured and calculated fr-versus-Var (Vpg = 1.0 V) and (b) Cgg-versus-Vig
extracted from Im(Y71).
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Fig. 10. Multifinger pMOS with W2N32 and WO5N128. (a) Measured and
calculated fp-versus-|Vgr| (|[Vbs| = 1.0 V) and (b) Cgg-versus-|Vgg| ex-
tracted from Im(Y71).

significant increase of W.g and then certain compensation to
gm,sat~

Fig. 9(a) shows the measured and calculated fr-versus-
Vot for standard and narrow-OD nMOS devices. Note that
fr is determined by the extrapolation of |H»;| to unity gain
and H-parameters can be converted from S-parameters after
openM1 and shortM1 deembedding. The experimental result
indicates that fr can approach 350 GHz for the standard
nMOS (W2N32), attributed to the aggressive L, scaling to
35 nm. However, the W scaling leads to a monotonic degra-
dation of fr. As compared to W2N32, the maximum fp of
WING64 is reduced by 5.8%, and the degradation becomes even
larger to 15.1% for WO5N128, resulting in fr below 290 GHz.
Referring to the analytical model given by (17) and (18) for cal-
culating fr [8], it is predicted that f7 degradation is originated
from the degradation of ¢y, sar and/or the increase of Cy,. For
narrow-OD nMOS, the smallest g,,, a; appearing in WO5SN128
[Fig. 8(a)] suggests to be one of the factors responsible for the
lowest fr. Furthermore, C'y, measured from narrow-OD nMOS
shown in Fig. 9(b) indicates 8.3% larger C's; in WOSN128. Note
that the increase of Cy, with smaller Wy and larger N reveals
the impact from C'f 01y end) [6], [7]. The combined effect from
lower gy, .t and larger Cy, can explain fr degradation in
narrow-OD devices. A good match between the measured and
calculated fp shown in Fig. 9(a) for nMOS with various Wg
and Np justifies the accuracy of the proposed fr model. As
for pMOS shown in Fig. 10(a), WO5N128 (narrow OD) reveals
more than 15% degradation in maximum f7 than W2N32
(standard), even though the extraordinarily large AW (77.1 nm)
can effectively suppress g, ot degradation [Fig. 8(b)]. Again,
the result can be ascribed to the increase of Cy, by around
15.2% shown in Fig. 9(b). Also, the proposed fr model can
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|VDS| = 1.0V and VGT = VGS - VT.

accurately predict fr degradation suffered by the narrow-OD
pMOS

Im

Jr=—F7—7— (17)
2m\/Cgy = Ca
Im(Y; Im(Y;

Coe m(Y11) Cot = — m(w12). (18)

B. Narrow-Width Effect on fxax in Multifinger
nMOS and pMOS

The maximum oscillation frequency fyrax is another impor-
tant performance parameter for RF circuit design, particularly
for power amplifiers. In this paper, fypax is determined by
conventionally used unilateral gain (U) method in which the
frequency corresponding to the unit power gain is defined
as fMAX, i.e., f(U = l) = fMAX- Fig. ll(a) shows fMAX
extracted from nMOS and reveals an interesting result that the
narrow-OD layout can lead to higher fyax and the maximum
fuax of WO5SN128 can achieve 366 GHz, which is 24.8%
improvement over W2N32. Through an equivalent circuit anal-
ysis on unilateral gain (U), fyax can be calculated by (19)
in which gq is the output conductance, Cyq is the gate—drain
capacitances, R; is the real part of the input impedance, and
R is the source series resistance [9], [10]. This model predicts
that the higher fr and lower 17, can enhance fyax. Referring
to Fig. 9(a), WO5N128 suffers the lowest fr and more than
15% degradation in the maximum fp compared to W2N32.
However, the smaller W and larger N in narrow-OD nMOS
can effectively reduce R, as shown in Fig. 6(a). The 40% lower
R, realized in WO5N128 can overcompensate fr degradation
and contribute higher fyax. A good agreement between the
measured and calculated fyjax shown in Fig. 11(a) justifies
the accuracy of the proposed fyax model in (19) [9], [10].
Fig. 11(b) shows the fypax measured from pMOS, which
indicates W and Np effect similar to NMOS, i.e., the nar-
rower W and larger Ny can yield higher fyrax. The narrow-
OD pMOS WO05N128 can offer 13.5% improvement in the
maximum fyrax than W2N32 even though it suffers 15% lower
fr [Fig. 10(a)]. Again, Fig. 6(b) shows around 30% lower R, in
WOS5N128 than in W2N32 and explains the origin responsible
for fyrax enhancement. The proposed fyrax model showing a
good agreement with measured fyrax can consistently predict
the layout dependence and guide device optimization design

fr
fuax =
e 2\/Rg(gds + 27T.fTng) + gds(Ri -+ Rs)

19)
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Fig. 12. Noise parameters of nMOS (standard: W2N32; narrow OD: W1N64
and WO5N128). (a) Measured and calculated N Fi,in, (b) measured and
calculated Ry, (c) Re(Yopt ), and (d) Im (Yo pt ) measured under Vs = 0.7 V
and Vpg = 1.0 V.

C. Narrow-Width Effect on RF Noise in Multifinger
nMOS and pMOS

The proliferated impact from layout-dependent stress, para-
sitic capacitances, and, most importantly, 2, on high-frequency
noise parameters appears as one more key topic for RF circuit
design, particularly for low-noise amplifiers using nanoscale
CMOS devices. Note that high-frequency noise measurement
was carried out using ATN-NP5B system with NP5 controller,
a noise figure meter (HP8970B), a remote receiver module, a
mismatch noise source, a noise source, a network analyzer (HP
8510), and a dc power supply (HP4142).

Fig. 12(a)—(d) shows four noise parameters, such as N F i,
R,. Re(Yopt), and Im(Y,,,) measured from nMOS under
Vps =1.0 V and Vgg = 0.7 V corresponding to maximum
Jm,sat- Note that Ny, is the minimum noise figure, R, is
the equivalent noise resistance, and Y, is the optimum source
admittance achieving N Fy,;,. Unfortunately, WOSN128 with
the smallest Wr and R, suffers 0.2-0.5 dB higher N F;;, in
9-18 GHz. R,, shown in Fig. 12(b) indicates very minor dif-
ference among three layouts. However, Re(Yop¢) and Im (Y )
shown in Fig. 12(c) and (d) reveal significant increase (absolute
value) in WO5N128 at frequency above 9 GHz. An analytical
model for noise parameters derived from noisy two-port net-
work given by (20)—(22) [20] is employed to explain the layout-
dependent effect on N Fy,;, and R,,. According to (20) and
(21), the increase of either R,, or Re(Yo) will lead to higher
N F ;0 and the calculated N F,;, match with measured data in
terms of frequency and layout dependence, i.e., WO05N 128 >
WIN64 > W2N32, as shown in Fig. 12(a). This proven
model combined with Fig. 12(b) and (c) for measured R,, and
Re(Yopt) indicates that the increase of Re(Yoy) is the primary
factor responsible for higher N Fi,;,, in narrow-OD nMOS. The
aforementioned analysis is applied to measured noise param-
eters before deembedding, and the increase of Re(Y,p) and
IIm(Y5p¢ )| in narrow-OD device is originated from larger Cyy
due to more parasitic capacitances. Regarding the W scaling
effect on R,,, further analysis on three key elements given by
(22), shown in Fig. 13(a), reveals that the benefit of smaller
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Fig. 14. Noise parameters of pMOS (standard: W2N32; narrow OD:
WO5N128). (a) Measured and calculated N Fi,in, (b) measured and calculated
Ry, (¢) Re(Yopt), and (d) Im(Yopt) measured under Vg = —0.7 V and
Vps =—1.0V.
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Fig. 15. Multifinger pMOS with W2N32 and WO5N128. (a) Measured R,,,
Ry, and gao/ g2, versus frequency. (b) Measured ymea and Ymodel for best
fitting to frequency dependence of Ymea. Vpg = —1.0 Vand Vgg = —0.7 V.

R, in narrow-OD devices happens to be cancelled out by the
increase of the second term, i.e., ¥ - g4o/92,, due to lower g,
from compressive o, and v > 1 shown in Fig. 13(b). Note
that v represents excess noise factor and v > 1 comes from
short-channel effect. The increase of v at lower frequency can
be ascribed to significant substrate potential variation [21].
Fig. 14(a)—(d) shows four noise parameters of pMOS with
lower R,, but significantly higher Re (Y, ) for WO5N128. The
lower I?,, is attributed to smaller R, [Fig. 6(b)] and lower .
However, the higher Re(Y5p¢) still plays as the dominant factor
and leads to 0.2-0.5 dB higher N F},;;, than W2N32. Again, the
proposed model (20)—(22) and R,, analysis made in Fig. 15 can

consistently predict the measured N F,;, and R,, and explain
the narrow-width effect

Fin =14+ 2R,Re(Yopt) [1 + RpyRe(Yopt)] (20)
NFmin =10- 10g Fmin (21)
R, ~R;+ Wg%o(v > 1 for short channel).  (22)

m

V. CONCLUSION

Narrow-OD MOSFET WO05N128 with four times smaller
W /larger Np than the standard multifinger device W2N32
can achieve 40%/30% lower R, and 24.8%/13.5% higher
fumax for nMOSFET/pMOSFET. The maximum fyax can
reach 366 GHz for 35-nm nMOS and 155 GHz for 37-nm
pMOS. However, these narrow-OD devices, even with the
advantage of lower R, suffer lower fr and higher N F,,;,. The
gm degradation caused by STI compressive o | and the increase
of Uy due to finger-end fringing capacitance are identified as
two layout-dependent factors responsible for fr degradation in
narrow-OD devices. The increase of measured N F),;, before
deembedding can be ascribed to the increase of Re(Y,p) also
due to larger C'ge. The lower R, cannot guarantee lower R,, due
to a competing factor from g,,, degradation. The narrow-width
effects on high-frequency performance and RF noise and the
mechanism underlying the tradeoff between different param-
eters provide an important guideline of multifinger MOSFET
layout for RF circuit design using nanoscale CMOS technology.
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