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Abstract—in this paper, we have systematically investigated significance, since device performance requirements for low
the effect of scaling on analog performance parameters in lateral power digital and analog applications are often conflicting. The

asymmetric channel (LAC) MOSFETs and compared their per- P -
formance with conventional (CON) MOSFETs for mixed-signal CMOS technology optimized for the best digital performance

applications. Our results show that, in LAC MOSFETSs, there May not give good analog performance for mixed-signal ap-
is significant improvement in the intrinsic device performance plications [5]. Hence, with the logic device technology poised

for analog applications (such as device gaing.. /Ip etc.) down for the 90 nm technology generation, it has become essential to

to the 70-nm technology node, in addition to an improvement | fo aiternative solutions to meet the analog performance
in drive current and other parameters over a wide range of

channel lengths. A systematic comparison on the performance of réquirements for mixed mode applications. One such solution
amplifiers and CMOS inverters with CON and LAC MOSFETs is using channel engineering to boost the analog performance
is also performed. The tradeoff between power dissipation and of a MOS transistor. A few researchers have reported lateral
device performance is explored with detailed circuit simulations asymmetric Channel (LAC) or single halo (SH) MOSFETSs
for both CON and LAC MOSFETS. o o
S ~ for analog applications [11]-[15]. Though some preliminary
Index Terms—Analog, CMOS optimization, lateral asymmetric gt dies have been done earlier on SH MOSFETs (or LAC),
channel (LAC), mixed signal CMOS, radio frequency (RF) CMOS, hi K for the fi . ically ook he i
system on chip (SoC). this work, for the first time, syster.ngtlca.y 0oks at the impact
of these MOSFETs on analog/digital circuit performance for
mixed mode applications.
. INTRODUCTION In this paper the performance improvement of LAC

OR THE LAST two to three decades, the entire semicoMOSFETs over conventional (CON) MOSFETSs is systemat-
F ductor industry market is dominated by semiconductdgally investigated with extensive process, device and circuit
memories, microprocessors, and other digital circuits. CMc¥nulations. These two technologies have been chosen for
has become the technology of choice for all integrated circ&@Mmparison because of their near identical process flow. The
applications. However, modern integrated circuits (ICs) sudgsults are reported in Sections Il and 11l. Section IV deals with
as those used in wireless communication products require in@€rformance improvement of circuits such as basic amplifiers,
gration of analog as well as digital circuits in the same IC, if@scode amplifiers and CMOS inverters with LAC MOSFETSs.
order to decrease the cost and improve the performance. AlS§ction V summarizes the work.
with the advancement in CMOS technology, the MOSFETs
made in silicon have achieved cutoff frequencies suitable for
radio frequency (RF) applications [1]. This has made CMOS
attractive for system on chip (SoC) applications, where RFIn this section the effect of Lateral Asymmetric Channel
analog communication circuits are integrated with the digitabping on MOS transistor device performance is discussed.
logic and memory circuits. Quite a few researchers have look&de process flow for LAC MOSFETSs is identical to that of
at the performance of scaled MOSFETs for mixed-signabnventional MOSFETSs except for the threshold adjust implant,
applications, including an evaluation of novel technologies favhich is done through a tilted angle implantation, after the
SoC applications [2]-[10]. gate electrode formation [11]. Pocket implant parameters such
However, in the sub-100-nm regime, short-channel effecis dose, energy, and tilt angle are optimized to maximize the
(SCEs) are of primary concern, which degrade the performargevice performance parametefs,/log, gm,gm/In, output
significantly, making scaled device design quite challengingesistancéR, ), andgain. These optimized devices are used for
A scaled device design for SoC applications is of particulaircuit simulations in the Section IV. In this section, the relative
performance of LAC MOSFETs over conventional (CON)
Manuscript received June 25, 2003; revised September 19, 2003. The reddPSFETS is systematically explored. All the two—dimensional
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Fig. 1. (a) Cross-sectional diagram of LAC nMOSFET with boron doping g 10
variation along the channel, (b) Output characteristics of CON and LAC devices
at V’GT =0.2V andV(;T =04 V.
10*
Energy balance model has been used for device simulations to : 0'2 : 0'4 : 0'6 : 0'8 0
take the nonlocal effects into account. In order to take surface ' V (\'O ' '
guantization effects into account, Van-Dort's model is used GT
for device simulations. For the LAC MOSFETSs used for sim- (b)

ulations, the pocket has been realized (Boron for n-MOSFETSs
and Arsenic for p-MOSFETS) at a tilt angle implantation ofig. 2. (a) Transconductance generation fagiqr/ I, ) as a function oV,
7°. The standard threshold adjust implant has been done wittd (b) Device output resistant&o ) as function ofV+ for CON and LAC
BF, at an energy of 12.5 KeV for CON devices. For both COR2SIStors WitV = 1 um, ata drain bias of 0.8 V.
and LAC devices, the implantation dose is adjusted to achieve
identical Vs of 0.25 V. Unless otherwise specified, for all thet all different gate overdrive voltages. Good control of
comparison studies involving CON and LAC MOSFETSs, thshort-channel effects in LAC MOSFETSs results in increased
Vr has been adjusted to be identical for the two technologies, /Ip and R, values. Fig. 3(a) shows the tradeoff between
We have simulated both n- and p-channel MOSFETS. device intrinsic gain andr, and Fig. 3(b) shows device power
Fig. 1(a) shows device cross section with the body dopimtissipation as a function ofr for devices studied with two
profile along the channel for LAC and CON devices andifferent gate oxide thicknesses. One can observe that, LAC
Fig. 1(b) shows p—Vp characteristics of the devices with gatalevices consistently exhibit higher voltage gains and lower
length of 0.13um (L.g is around 95 nm) at two different gatepower dissipation (as given bip) over CON devices at any
overdrive voltage$Vgr) of 0.2 and 0.4 V. The characteristicsgiven value of ft and gate overdrive voltages. This can be
show that LAC MOSFETs in forward mode (heavily dopeattributed to the suppression of short-channel effects and an
pocket at the source side) result in significant improvememiproved transconductance, in addition to a slightly lower
in the output resistanc€R,). Reduced Drain-Induced-Bar-parasitic capacitances in LAC MOSFETSs. As our simulations
rier-Lowering (DIBL) and Channel Length Modulation (CLM)results for y-parameters in LAC and CON MOSFETs show, we
in these devices contribute to this improvement. As can lbbserved about 10% lower total parasitic capacitance in LAC
seen, at the 0.13im gate length regime, improvement inMOSFETSs as compared to CON devices. The improvement in
the drive current is marginal. Fig. 2 shows the effect of gateansconductance due to an improved average carrier velocity in
overdrive voltage on the performance parametgig/n and the channel has been reported for LAC MOSFETS [17]. Notice
R, at a drain bias of 0.8 V for devices withgz = 0.13 um the turn around behavior in the characteristics at higher
and gate oxide thicknesses of 2 nm and 3 nm with the othierdue to mobility degradation. Fig. 4 shows device threshold
technology parameters chosen as per the SIA Roadmapvdltage andy..1,/g» as a function of substrate big8sg) for
can be observed that, LAC devices in the forward mode bbth LAC and CON devices witlh.g = 0.13 um, whereg,,;,
operation consistently outperform the conventional devicesdefined a®/p/90Vsg. LAC devices show a higher body bias
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Fig. 3. (a) DC intrinsic gain for CON and LAC MOSFETSs as a function of /E\
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sensitivity compared to CON devices because of higher peak n Jy0°
doping near the source region. The effect of higher body bias 2 0.501 g
sensitivity will be further elaborated in Section IV using circuit T 1 2
simulations. 8 I 410’
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Fig. 5(a) showd/t roll-off for the devices with oxide thick- 0.10 015 020 025
ness of 2 nm and 3 nm, with adjusted to be identical for L, (pm)
both CON and LAC devices dtg = 0.13 um. DIBL is also (b)

plotted in this same figure as a function of channel length, for

the devices scaled as per the analog and logic roadmaps, sheéigns. (a) Vi roll-off and DIBL as a function of gate length. For DIBL
; _ ot i estimation, the technology parameters as given in Table | are used for each
in Table I. LAC MOSFETs show roll up characteristics InIc:hannel length. (bJpsat andl../I.¢ as a function of gate length for both

tially, and then showVr roll-off as expected. The roll-up in con and LAC MOSFETsV: is calculated afs = 50 mV. The oxide
LAC devices has been attributed to the initial increase in th#ckness and’r are scaled for according to SIA Logic roadmap as given in
average channel dopant concentration with decreasing chanigf "

length. Conventional devices show degraded short channel per-

formance compared to LAC devices. Also, DIBL in LAC descaled as per the logic roadmap shown in Table I. Tt
vices is considerably lower compared to CON devices. This taken atVgs = Vps = 1 V. It can be seen that, though
is due to the pocket doping which is known to suppress tligere is not much improvement in thgsat in the sub-100
short-channel effects in LAC MOSFETSs. Fig. 5(b) shdwsar nmregime, there is significant improvement for channel lengths
and I, /I as a function of channel length for the deviceabovelLg = 0.13 pm.
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TABLE | 4.5 6
TECHNOLOGY PARAMETERS AND VOLTAGE SCALING USED FORCIRCUIT —— CON
AND DEVICE SIMULATIONS, ANALOG: SCALED ACCORDING TO THE i
SIA ANALOG ROADMAP, DIGITAL: SCALED AS PER THE 40k

SIA ROADMAP FOR LOGIC TECHNOLOGIES ’

)
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-

of

VDD V) 25 18 15 12 038

Tox (om) s 4 35 3 3
Analog ) 30

Vr V)
.45 4
Analog 04 0

(wgo o1 %)™y

035 03 03 V=08V

V=04V

Vps (V) 125 09 075 06 04

Tox (om) 3 25 2 15 12

e 1 1 1
0.10 0.15 0.20 0.25
Digital
V) S L, (pm)
el | 0 03 025 02 02 @)
Xjom | 65 50 2 30 25 150
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Larger signal swings required in the analog circuits necessi- o
tate the use of higher supply voltages and thicker gate oxides of
[10], [20] as shown in Table I. We have looked at the CON
and LAC device performance with analog scaling parameters
(Table I) and the results are presented in this section. The effect
of scaling on the device parameters/Ip, R,, voltage gain
and fr of the devices is shown in Fig. 6, at a bias voltage of 0'10 0'15 . 0'20 0'25
Var = 0.4V andVps = 0.8 V. V1 and gate oxide thicknesses ’ ' ' '
have been adjusted to be identical at each technology node for L (nm)

CON and LAC devices and have been chosen as per the analog (b)
technology roadmap given in Table |. These same parameters

are also used in Section IV for circuit simulations except fd#9- 8- (@) Transconductance generation fatter/ Ir,) and output resistance

. . . . Ro) as a function of channel leng{iLc) and (b) Intrinsic gain and cutoff
inverter circuits. LAC MOSFETSs have shown improved perfofrequency,f+ as a function of gate length for both CON and LAC transistors

mance for all these analog parameters for gate lengths downvid Vv = 1 xm atadrain bias of 0.8 V and gate over drive voltage of 0.4 V. The
the sub-100 nm regime. This can be attributed to reduced Dlﬁ:br}gcilogy parameters are chosen according to SIA analog roadmap as given in
and CLM as a result of optimized pocket doping in LAC MOS- '
FETs. Though there is not much improvementfinfor LAC
MOSFETSs in the sub-100 nm regime, there is a significant im-
provement of nearly 25% and 36% for LAC devices optimized
at 0.18um and 0.25:m nodes respectively. However, there is
nearly a factor of two improvement in the output resistance,
which leads to an increase in the intrinsic gain of LAC MOS-
FETs even in the sub-100 nm regime. Also, one can observe
from Fig. 6(a) that the resulting output resistance with CON

(zHD) 'Y

110

F —o— con

G’BW (GHz)

MOSFETSs at 0.2%m gate length is realizable with LAC MOS- Vor =04V
FETS, using a scaled 0.13n technology. This results in a sig-
nificant improvement in the intrinsic gain of the scaled devices.
Gain times gain-bandwidth produ¢G?BW), which is a ossad sl vl vl L L1110
figure of merit for a given technology, is nearly independent 07 10° 100 10t 107 010013020003
of device bias and dimensions, in strong inversion [18]. Fig. 7 I, (A) L (um)

shows this parameter as a function of bias current, and its

: ; ig, 7. Gain times gain-bandwidth produe&?BW) of CON and LAC
dependence on the device _gate length. Higher values of t@%ices as a function af, and gate lengtZa) at Vos = 0.8 V and
parameter are observed with LAC MOSFETs compared 1Q.. = 0.4 V. The width of the transistor used#® = 1 zm. The technology
conventional devices, at all biasing currents and chanri@lameters are chosen according to SIA analog roadmap as given in Table I.
lengths. Note that, though the digital and analog performance
parameters of both the devices are quantified with two differesitnilar improvement in analog performance of LAC MOSFETs

scaling scenarios according to Table I, we have observeden with aggressively scaled gate oxides.
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Fig.8. CMOS inverter delay and noise margin as a function of gate length. The

C
L
technology parameters are chosen according to SIA digital roadmap as given ir '—_j_il\—
Table I. Driver: inverter with/,, = 5 pum andW,, = 10 gm, Load: inverter Via i = =
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©) )

Fig. 9. (a) Common source amplifier with ideal current bias, (b) Common
IV. CIRCUIT PERFORMANCEWITH LAC MOSFETS source amplifier with PMOS load, (c) Cascode amplifier, and (d) Source

To investigate the advantages of LAC MOSFETs at tHg!ower with aload capacitanc@;, of 1 pF.
circuit level, we have simulated a few basic analog circuits
such as single stage amplifiers, cascode amplifiers and source
followers. We have also simulated LAC CMOS inverter cir- 10°
cuits and compared the circuit performance trends with CON
technologies. ISE TCAD Mixed mode simulator was used for
simulations. For circuit simulations, the doping information,
mesh, material properties, electrode contact and model infor-
mation for the NMOS and PMOS transistors were extracted
from the process simulation module, DIOS and MDRAW of
ISE TCAD.
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A. CMOS Inverters

Fig. 8 shows CMOS inverter delay and noise margins as a
function of channel length scaled according to logic roadmap in
Table |, and with a load of one inverter. The inverters were rey 10 voltage gain and gain-bandwidth product of a common source
alized with both CON and LAC MOSFETSs using widti#§, = amplifier with a capacitive load of 1 pF as a function of the transiStofL,
W,/2 = 5 um. It can be seen that as the technology is scal@tfvies = 0-1 MA.
down, until about 0.13:m, LAC devices exhibit superior per-
formance in terms of delay and noise margins. This can be at-

tributed to increased current drive due to an increase in the @y nnel length of 0.1am. Fig. 11 shows voltage gaify)
erage carrier velocity in the channel and output resistance of they gain-bandwidth product as a function of channel length for
devices. The excess DIBL in CON MOSFETSs reduces the delgy, values ofW/L, 10 and 100, at a bias current of 0.1 mA.
in sub-100 nm regime, at the cost of increased standby POWetan pe observed that there is significant improvementin

One can observe that, even in the sub-100 nm regime, therg &, gown to the 70 nm technology node. The power supply and
an improvement in noise margins for LAC MOSFETs. the transistor bias voltages were adjusted as given in Table I. A

- ) - factor of three improvement is observed in the voltage gain for
B. Amplifiers With Capacitive Load LAC MOSFETSs.

A simple capacitively loaded amplifier (Fig. 9(a&)y, = 1 Fig. 12 shows the transistor W required to achieve an iden-
pF) is simulated as it provides an insight into the consequendiesl voltage gain of 10 with both CON and LAC MOSFETS, at
of nonideal scaling of transconductance and the degradatehias current of 0.1 mA. The required W is plotted as a function
of output resistance at shorter gate lengths. In each case, dfieechnology generation. As expected, in scaled MOSFETS, be-
bias current of the amplifier is kept at 0.1 mA. Fig. 10 showsause of excess short-channel effects (SCE) and mobility degra-
the voltage gain and the gain-bandwidth product for an amptlation, larger transistor sizes are required to achieve the same
fier as a function of MOSFET®V /L. The transistors have again. The trend is similar for LAC MOSFETSs. However, due to
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Fig. 11. (a) \Voltage gairiA, ) versus gate length, and (b) Gain-bandwidth

product versus gate length at a constagl, Of.o'lmA andVps = Vpp/2.The . Fig. 13. (a) Voltage gaifiA, ) of amplifier versusw /L of driver transistor

technology parameters are chosen according to SIA analog roadmap as gwqg?g constant current bias of 0.1 mA, and (b) Voltage gain of the same amplifier

Table I. as a function of channel length at a frequency of 1 KRz,, and Rk, are the
respective output resistances of PMOS and NMOS transistors at this biasing
point respectively. The technology parameters are chosen according to SIA

10 F analog roadmap as given in Table I.
—— CON
—— LAC
= Voltage Gain =10 C. Amplifiers With PMOS Active Loads
Z 1 Lo =0.1TmA In practice, all the IC amplifiers utilize active loads for
= higher load resistances in order to achieve larger signal swings,

reduced power dissipation and lower area. In this section we
look at the performance of NMOS amplifiers with PMOS active
L loads [Fig. 9(b)]. This combination also provides an insight into
o the performance of LAC differential amplifiers, when two such
010 015 020 025 stages are connected differentially. As these differential stages
L (um) are the primary stages of operationa_l amplifiers, one ne_eds
G to understand the effect of LAC transistors on such circuits.
Fig. 12. Width of the transistor required to achieve a voltage gain of 10 asp_\eic’ part of this St“d}’_ we have SImUIat_ed four kinds of ampli-
function of channel length at a constaft.. of 0.1 mA. A signal frequency fiers, namely, amplifiers with CON driver-CON Load, CON
of 1 KHz and capacitive load of 1 pF are used for simulations. The technologlyjver-LAC load, LAC driver-CON load, and LAC driver-LAC
parameters are chosen according to SIA analog roadmap as given in Table ||Oad, to investigate the advantage of LAC technologies in terms
of parasitics.
suppression of SCEs, relatively smaller transistors are requiredrig. 13(a) shows the voltage gain of the circuit as a func-
with LAC MOSFETSs to achieve the required gain, which alstion of W/L for all the four amplifier combinations. It can be
leads to reduced parasitic capacitances. seen that amplifiers with LAC driver-LAC load give the best
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Fig.14. (a)Voltage gaifi. ) versusw /L of driver transistor, and (b) Voltage Fig. 15. (a) Voltage gaif{A,) versusW/L, and (b) Voltage gain versus
gain as a function of gate length, for both common source and cascode amplififtannel length of a source follower with a constant bias current of 0.1 mA and
at a constant bias current of 0.1 mA and at a frequency of 1 KHz. The technoldygapacitive load of 1 pF. The technology parameters are chosen according to
parameters are chosen according to SIA analog roadmap as given in Table §IA analog roadmap as given in Table I.

performance, whereas amplifiers with CON driver-CON loastacked structure limits the gain of cascode amplifiers. As shown
show the worst performance. However, amplifiers with LAG Section Il, LAC MOSFETSs exhibit higher body bias sensi-
driver-CON load fall between the above two cases. These restility compared to CON devices. This necessitates a thorough
further prove the advantages of LAC technology over the COMudy on the performance of cascode amplifiers with LAC tech-
technology for analog applications. Fig. 13(b) shows the voltagelogies. In this section we show results on cascode amplifiers
gain of all the above configurations as a function of channegalized with LAC MOSFETS. Fig. 14(a) shows the voltage gain
length for a constantV /L(=100) of driver transistors. From of cascode and common source amplifiers as a functiovi 4t,

this figure it can be observed that for identical voltage gainatfa bias current of 0.1 mA and Fig. 14(b) shows the voltage gain
amplifiers with LAC driver-LAC load can be scaled aggresef a cascode amplifier with transist®/ /L of 100, as a function
sively, thus enabling high frequency applications using CMOS8f channel length, at the same bias current. It can be seen that
The performance of PMOS amplifiers with NMOS loads, whicimprovement in voltage gain of cascode amplifiers with LAC
is the traditionally preferred combination for input stage of aMlOSFETS is not so significant, due to the increased body bias
OPAMP, also shows a similar improvement in performance wittffect in the sub-100 nm regime.

LAC technologies.
E. Source Followers

D. Cascode Amplifiers We have also simulated source followers (Fig. 9(d)) using
Cascode amplifiers (Fig. 9(c)) are used as wide band ablAC MOSFETs to study the effect of body bias on the
plifiers in applications where larger voltage gains are requireltage gain. Fig. 15(a) showd, as a function ofW /L of
without sacrificing bandwidth. These are necessary in VLSI cidriving transistor, for a capacitive load of 1 pF. It is observed
cuits, as the device output resistance is severely degraded inttte#, as the channel length is reduced, large deviation in
sub-micron regime. Also, cascode circuits improve the noiseltage gain occurs from its ideal value of unity for CON
level of the circuit and result in lower channel length moduldMOSFETs. However, this deviation becomes less in the case
tion [19]. However, inherent body bias present because of tbE LAC MOSFETs due to the increased output resistance
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of the device. Fig. 15(b) shows the effect of scaling on[10]
the performance of source followers. As can be seen, LAC
MOSFETs consistently outperform CON MOSFETs down!
to the 70 nm technology regime but the improvement in
voltage gain is to some extent offset by the higher body bia§!2]
sensitivity in LAC devices, as discussed in Section II.

(23]

V. CONCLUSION [14]

In this paper, we have systematically compared the con-
ventional and LAC MOS technologies and looked at theirj;s
performance advantages for mixed-signal applications. As our

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 12, DECEMBER 2003

K. Bult, “Analog broadband communication circuits in pure digital deep
sub-micron CMOS,” inEEE ISSCC Tech. Dig1999, pp. 76-77.

11] S. Odanaka and A. Hiroki, “Potential design and transport property of

0.1:m MOSFET with asymmetric channel profildEEE Trans. Elec-
tron Devicesvol. 44, pp. 595-600, Apr. 1997.

B. Cheng, A. Inani, V. R. Rao, and J. C. S. Woo, “Channel engineering
for high-speed sub-1.0 V power supply deep sub-micron CMOS,” in
VLSI Symp. Tech. Digl999, pp. 69-70.

H. V. Deshpande, B. Cheng, and J. C. S. Woo, “Analog device design for
low-power mixed mode applications in sub-micron technolotfyEE
Electron Dev. Lett.vol. 22, Dec. 2001.

D. G. Borse, K. N. M. Rani, N. K. Jha, A. N. Chandorkar, J. Vasi, V.
R. Rao, B. Cheng, and J. C. S. Woo, “Optimization and realization of
sub-10-nm channel length single halo p-MOSFETEEE Trans. Elec-
tron Devicesvol. 49, pp. 1077-1078, June 2002.

N. K. Jha, M. S. Baghini, and V. R. Rao, “Performance and reliability
of single halo deep sub-micron p-MOSFETSs for analog applications,”

Proc. IPFA, pp. 35-39, July 2002.
] ISE-TCAD Manuals2000. Release 6.0.
[17] B. Cheng, V. R. Rao, and J. C. S. Woo, “Exploration of velocity
overshoot in a high-performance deep sub 100 nm SOl MOSFET with
asymmetric channel profile [EEE Electron Device Lettvol. 20, pp.
538-540, Oct. 1999.
M. Ismail and T. Fiez,Analog VLSI Signal and Information Pro-
cessing New York: McGraw-Hill, 1994.
R. Geiger, P. E. Allen, and N. R. Strad@nalog and Digital VLSI De-
sign TechniquesMcGraw-Hill, 1994.
International Technology Roadmap for Semiconduct®@1.

results show, nearly a factor of three improvement in intrinsic
voltage gain and an improvement of nearly 36%fin of the
MOSFET are realizable at a channel length of Q.25 using
the LAC technology. In this work, we have quantified the
tradeoffs between device performance, area, and power dis:ﬂ—s]
pation. We show that, a factor of three improvement in device
intrinsic gain is realizable with 0.13m LAC technology at [19]
an fr of 40 GHz with a marginal improvement in power

Y N : [20]
dissipation. Almost a factor of two minimum improvement
in gain-bandwidth product is observed at all the technology
nodes studied in this work for the optimized LAC MOSFETSs.
The improved circuit performance with LAC technologies has
been attributed to the higher drive currents, higher output re-
sistance, and also due to lower parasitic capacitances as shown
by circuit simulations using a combination of LAC and CON
amplifiers.
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