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Abstract—The radio-frequency (RF) figures of merit of 0.18ztm deep n-well implant
complementary metal-oxide-semiconductor (CMOS) technology post deep n-well
are investigated by evaluating the unity-current-gain cutoff s ~ annealing
frequency (F;) and maximum oscillation frequency Fax). The STI formation
device fabricated with an added deep n-well structure is shown p-well formation

to greatly enhance both the cutoff frequency and the maximum
oscillation frequency, with negligible dc disturbance. Specifically,
18% increase in F; and 25% increase in Fi,.x are achieved.
Since the deep n-well implant can be easily adopted in a standard
CMOS process, the approach appears to be very promising for i L
future CMOS RF applications. n-well p substrate n-well side wali spacer

. S and S/D extension
Index Terms—CMOS, deep n-well, maximum oscillation fre-
quency, radio-frequency, unity-current-gain cutoff frequency.
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Fig. 1. Cross section and key process flow of n-channel MOSFET with
deep n-well structure. The deep n-well was formed underneath the p-well and
. INTRODUCTION together with the regular n-well implant, completely surrounds the p-well
N recent years complementary metal-oxide-semiconducf&?'°™
(CMOS) technologies have become viable for radio-fre-
quency (RF) circuit implementations due to aggressive scaling,
progress on high-speed performance and reduction in co$t. DEVICE STRUCTURE, FABRICATION, AND MEASUREMENTS

Considerable research is still in progress today to exploreThe schematic cross section of an n-type MOSFET with the
CMOS for improving various RF figures of merit (FOM), suchyroposed deep n-well structure and its key process flow are
as, SiGe notched gate [1], thin gate-bird’s-beak [2], T-shapgfown in Fig. 1. The process adopts a 048 logic CMOS
metal gate [3], cobalt-salicided raised gate/source/drain [‘t'échnology, with the addition of the deep n-well process and
epitaxial channel [5], [6] and silicon-on-insulator (SOI) wafersyask. To minimize the disturbance to the dc behavior of MOS
Most of these investigations attempted to optimize the Rfynsistors, high-energy ion implantation (I/1) steps, followed
FOM with minimum disturbance to the static behavior, as We‘yy postimplant annealing, was used to form the deep n-well.
as to be compatible with standard logic process. Since silic@pecifically, I/l steps consist of a 2 MeV I/l with an arsenic dose
wafers have relatively low substrate resistivity, compared Wity o 1013 cn? to form adeep enough n-well so as not to disturb
GaAs wafers, the substrate coupling is significant in Si-basggh doping profile of inner p-well and a 1 MeV I/l with lower
technologies. Previously, the use of a deep n-well implagfsenic dose was used together with the regular n-well implant
has been shown to be effective in suppressing the cross-tgf a flat plateau of deep n-well. The postimplant annealing was
in bipolar-CMOS (BiICMOS) technology [7]. However, RFperformed at 1000C. As a result, the resultant n-well (i.e., reg-
characteristics of a MOSFET with a deep n-well structure hav§gr n-well and deep n-well combined) completely surrounds
to the best of our knowledge, never been reported. In this lettg{e p-well region for junction isolation. The resultant p-well and
we report, for the first time, the effects of incorporating a deedReep n-well depth are about 0u8n and 2.2um, respectively,
n-well structure, on the two major RF FOMs: cutoff frequencys obtained by two-dimensional (2-D) process/device simula-
(£;) and maximum oscillation frequencyax). tion as shown in Fig. 2, which has been further confirmed by
the SIMS profile. For comparison, standard MOSFETs without
Manuscript received June 1, 2001; revised June 3, 2001. This work was sd@ep n-well structure were also fabricated on the same wafers.
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e e A P o s s e s . peak I, is about 58 GHz withV, biased at the maximum
o 40 o - . transconductancé; can be estimated from the terminal admit-
19 |~ _ 7| Ves=-15V |7 . .
N B 7 =13 tance matrix [9], [10] and can be approximated as
@ 18 ﬁfo &
5 F . ] s L — 1)
517 = 2my [C2, — O3y
Qo - -
303 16 ;— ’; whereCyq is the gate-to-drain capacitance afig, is the total
2 F ] gate capacitance which includes all the intrinsic and extrinsic ca-
> 15 [- — . .
° r ] pacitance as seen from the gate (&g = Cys + Cga + Cap).
14 NMOST with deep n-well ' p substrate The upper part of Fig. 3 showS,, and Cyq versus the drain
- o NMOSTwithout deep n-well | ] current. All of the capacitance in Fig. 3 was extracted from
L e T the imaginary part of-parameter (i.e ¢, = Im(y11)/w and
0 1 2 3 4 =heg
depth (um) Cga = —Im(y12)/w) as proposed in [9], [11]. It can be seen
1l

that C, of the device with deep n-well is reduced by about 30

Fig. 2. Simulated 2-D net doping profiles of a conventional transistor ariei» COMpared to the conventional counterpart, wbllg of both
a transistor with deep n-well structure. Inset shows essentially identical structures show minimal discrepancy. Since the dc behavior of
behaviors of both devices. The line is represents the MOSFET with deep n-welk control device and the new device with deep n-well are al-

and circle symbol is represents the counterpart.

most identical as aforementioned and their transconductance is
the same, th&’; improvement of MOSFET with deep n-well

1 10 100 k t X )
220 T structure is mainly attributed to the reduction(@f;.
= fgg ] Since the intrinsicq is nearly zero in saturation region [10],
= 160 > Cgg with deep n-well — the extracted’yq in Fig. 3 is mainly attributed to extrinsiCyq.
§ 14 —0— Cgg without deep n-well <~ This implies the fact that extrinsiCy; andCyq of both devices
T ] A Cgd with deep n-well are identical. Besideg/y, is extremely small for short channel
8 e0L , = Cgdwithout deep rwell device and hence, the reduction@f, is mainly attributed to
- | the reduction of intrinsic”y, as shown in Fig. 4. The intrinsic
70 ——— :l e — Cys in Fig. 4 were obtained by performing the ac analysis of the
Figure 3, Vgs=1.8V P 2-D device simulation [12], withC derived from the imagi-
\ng=-01fgﬁ:: 2 3 nary part of terminal admittancg,. Calculation ofy,, is by
. — N . . . . .
§ 80 Ngf’=16 e o b ] 0 g forcing small-signal voltage (i.e., 50 mV in this study) to the
© 40 £ 70 Fywithout deep n-well 5 40 % source electrode/) and sensing the current at the gate elec-
i 30 e Fywith deep n-well -; 30 E trod(_a €s), caIcuIatianygS = 8ig_ /O, Tq inv_estigate th€y, re-
20 & Fmaywithout deep n-well 3 ) duction, the small-signal equivalent circuit of substrate network
o L A Fmaxwindesprwel 3., for a MOSFET with deep n-well is sketched in Fig. 4. Node
1 10 100 bi refers to the intrinsic body of the inner p-well and, C2,

lgg (MA)

Fig. 3. Top figure shows gate capacitance and gate-to-drain capacitanc
conventional MOSFET and MOSFET with deep n-wéll,, is reduced by
MOSFET with deep n-well structure, while minim@l, difference is observed.

andC3 refer to the series junction capacitance of inner p-well
to deep n-well and from deep n-well to p substrate on source

&ftfe, drain side and bottom side respectively. There exists a ca-

pacitive loop that the signal propagates from the intrinsic source

The lower parts depict§, and F,,.. of devices with conventional and deepend to the gate electrode. The other capacitive loop is that the

n-well structure.

signal propagates from intrinsic source through nigdéhrough
deep n-well junction capacitance (i.€1, C'2, andC3) and then

extractedr; and Fi,,.x from S-parameter measurements wenrough substrate resistand@,f.,;,) to the ground. This added
based on “two-step de-embedding” procedure [8].

I1l. EXPERIMENTAL RESULTS AND DIScuUsSI

The deep n-well CMOS technology gives minimal discre;f—

ON

ancy on dc characteristics, as confirmed from the idenfical

Vas (With Vi,s = —1.5V) characteristics shown in the inset o
Fig. 2. The resultimplies the fact that depletion charges that c

capacitive path that passes through, C2, andC3 lowers the
imaginary part ofy,, due to the lowering of, and hence the
intrinsic C,e. For further confirmation, devices without pads
eing de-embedded were also compared (data not shown), itwas
ound that theF, improvement and Iify,1 ) reduction still hold,

1‘com‘irming that thef, improvement and Iify,;1 ) reduction are

not artifacts of de-embedded technique.

or-

respond to the intrinsic part of MOSFET (i.e., underthe chz‘;mntleSI)The reduction o, also directly increaseBiax, asFnax

proportional to the cut-off frequency [10]

are essentially identical in both devicé%.andf,, ., are the two
most important high-frequency FOMs. The device with deep ,
n-well shows not _only bettef; but aIsoFm_aX. As shown i_n Frnax = 2\/gds Ry + &) + ZwFthng'
the lower part of Fig. 3, about 10% to 18% improvementsiin

and 20% to 25% improvements #i,,.x can be observed. The Furthermore, bothS»;| and |S12| of MOSFET with deep
peakZ; of the device with deep n-well is about 70 GHz and the-well increase by the similar ratio, compared to their counter-

F,

)
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Lumped substrate network of MOSFET with deep n-well, used to illustrate the intfipsieduction of MOSFET with deep n-well structure. The arrows

with dot line represent the capacitive loops of RF signals that generated from the source toward the gate and substrate. T@g.imdretgial to the imaginary
part ofi, /vs. Rpsui, Rpw, andCy, represent the p substrate resistance, inner p-well resistance and ground pads to p substrate capacitance, respectively.

parts. This is because the deep n-well reduces the effective jungs]
tion capacitance of source/drain by nearly 25% from 120 fF to
90.4 fF on the MOSFET withV'/L = 160 ym/0.18 yum at 1.5

V reversed bias and, hence, provides high impedance at port-24]
This high impedance can prevent the high frequency signal loss
from the drain to the substrate and thus, increases the power
delivered to the drain electrode, increasifig [13]. This also
enhances power from drain to gate, increasiing This results 5]
in the same maximum stable power gain for both devices in the
frequency range wherke-factor < 1. However, under the fre-
guency range ok-factor > 1, MOSFET with deep n-well ex-
hibits better maximum available power gain than its counterpart
due to the smallek-factor (because of reducéd, [14]).

(6]

(7]

IV. CONCLUSION 8]
The incorporation of a deep n-well implantation to a standard
CMOS technology is shown the fact thag and F},,,. can be [9]

increased by about 18% and 25% respectively, giving a 70 GHz
peakF; and 58 GHz peak,,,. of MOSFETSs addition with the
deep n-well. The deep n-well appears to be useful for enhancingo]
the performance of CMOS-based RF circuits without disturbingi11
the dc characteristics. ]

(12]
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