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Abstract—In this paper, we propose a novel operation of age, andf; is the average cooperating frequency of that gate.
a MOSFET that is suitable for ultra-low voltage (0.6 V and Since power supply reduction below three times the threshold
below) VLSI circuits. Experimental demonstration was carried voltage (3V;) will degrade circuit speed significantly, scaling

out in a Silicon-On-Insulator (SOI) technology. In this device, the .
threshold voltage of the device is a function of its gate voltage, of the power supply should be accompanied by threshold

i.e., as the gate voltage increases the threshold voltag;) drops ~ Voltage reduction [1]. However, the lower limit for threshold
resulting in a much higher current drive than standard MOSFET  voltage is set by the amount of off-state leakage current that
for low-power supply voltages. On the other hand,V: is high can be tolerated (due to standby power consideration in static
at V,. = 0, therefore the leakage current is low. We provide ¢irejits  and avoidance of failure in dynamic circuits and
extensive experimental results and two—dimensional (2-D) device .
and mixed-mode simulations to analyze this device and compare m_emory array_s), and ideally should be no less than 0.4 V.
its performance with a standard MOSFET. These results verify It is seen that if standard MOSFET's are used, a lower bound
excellent inverter dc characteristics down toV,, = 0.2 V, and for power supply voltage or a larger leakage current become
good ring oscillator performance down to 0.3 V for Dynamic jnevitable. To extend the lower bound of power supply to
Threshold-Voltage MOSFET (DTMOS). ultra-low voltages (0.6 V and below), we propos®gnamic
Threshold VoltageMOSFET (DTMOS) having a highV;, at
I. INTRODUCTION zero bias and a low} at V,, = V4.

URING the past few years demand for high-performance This paper is organized as follows: Section Il describes
Dand low-power digital systems has grown rapidly. Selevice structure and fabrication. Section Il provides DTMOS
eral factors have contributed to this fast growth. First, laptdpeory of operation, and experimental and simulation results
and notebook computers, and personal communication systéi@gparing DTMOS and standard MOSFET. Section IV con-
have gained popularity. Consequently, portable applicatiol®ns further discussion of DTMOS and concluding remarks.
that traditionally required a modest performance (such as wrist
watches and calculators), are now dominated by devices that Il. DEVICE STRUCTURE AND FABRICATION

demand a very high performance. The demand for portability The Silicon-On-Insulator (SOI) devices used in the study
of these new systems limits their battery weight and siz@ere built on SIMOX and BESOI wafers. The buried oxide
placing a severe constraint on their power dissipation. Secoffickness was 370-400 nm for SIMOX wafers and approxi-
speed, density, and size of nonportable CMOS based systefiiely 1 mm for BESOI wafers. The final SOI film thickness
have increased considerably in recent years. Thus, pow@Fied from 130 to 160 nm. Mesa active islands were created
consumption that was not a concern in these systems, is gy plasma-etching a nitride/oxide/silicon stack stopping at
becoming a critical parameter. buried oxide. A 100-nm oxide was grown on the mesa side-
The most common approach for reducing power is powgfalls to prevent low¥; edge devices and gate oxide defects
supply scaling. This is due to the fact that in CMOS digitadt the mesa corners. Threshold implants were then performed,
circuits, delivered power is proportional to the square of powggsulting in concentrations df.5-3 x 10'7/cm?. Gate oxides
supply voltage of 6.4 nm and 10 nm thickness were grown, followed by
P=CLV2f (1) the deposition of 300 nm of undoped polysilicon. Oxygen
L Vad Jd plasma “ashing” was done to the gate photoresist to achieve
where P is the power consumed by one gat&, is the total effective channel lengths down to 0/2m [2]. High-dose
switching capacitance of the galé,; is the power supply volt- arsenic and boron source/drain and polysilicon gate implants
were used to create NMOSFET's and PMOSFET's with N
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TABLE |
PARAMETERS FOR TECHNOLOGIES A AND B

NMOS PMOS Nl,NMOS(ch) N.mos(cmg) Tox(nm)
Vw(v) Vto(v)
Tech. A 0.70 -0.58 2.5x10"7 2x10" 10
Tech. B 0.48 -0.46 3x10" 3x10"7 6.4

Source I\Gate Drain
|  n+Poly |
N+ 1 p-silicon ™ n+
Buried Oxide

Silicon Substrate

Fig. 2. Cross section of an SOl NMOSFET with body and gate tied together.

Fig. 1. Schematic of the body contact in SOl NMOS devices. A similar Gate to Body
structure is used for SOI PMOS devices with Mnd P- regions exchanged. /Contact

<—| [p+] |—» Cross Section

either floated or grounded in the MOSFET mode. The gate

is tied to the body in the DTMOS mode, shown in Fig. 2.

Besides the four-terminal test device, DTMOS devices with

hard local gate-to-body connections were also fabricated as e e I—r Aluminum r—I
shown in Fig. 3. This connection uses an oversized metal-to- Poly
P+ contact window aligned over a “hole” in the poly gate | 7

[3]. The metal shorts the gate and the Pegion (for N- |
DTMOS). This contact requires minimal area and no additional - -
processing steps. Standard CMOS, and DTMOS-based CMOS Gate to Body Contact Cross-Section

ring oscillators were also fabricated in the same procesy. 3. Gate-to-body connection by using aluminum to short the poly gate to

All device processing was performed in the University ohe Pt region. A large metal-to-P contact window is aligned over a “hole”
. . . L in the poly gate. This contact requires no additional processing steps.
California Microfabrication Laboratory.

p+Silicon |

lll. DTMOS ANALYSIS bipolar transistor. This requires the body voltage to be 0.6 VV or
_ larger. The extra drain (collector) current comes at the cost of
A. Theory of Operation a large input (base) current, which contributes much more to

The analysis provided here is for NMOS device, with itthe standby current than the drain leakage current. We report
extension to PMOS device being straightforward. In DTMO&rge improvement in/; over standard MOSFET even when
the floating body and gate of SOI MOSFET are tied togethegate (body) voltage is kept below 0.6 V. Although the same
as illustrated in Fig. 2. Although a similar configuration wailea can be used in bulk devices, isolation of the MOSFET
proposed before by Colinge [3] and later in [4]-[6], all thddody can be accomplished more easily in SOI, where, because
authors tried to exploit the extra current produced by the laterdlvery small junction areas, base current and capacitances can
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Fig. 4. Threshold voltage of SOl MOSFET as a function of body-sou
forward bias, for technologies A and B. Important parameters of these
technologies are given in Table |. Four terminal devices similar to Fig.
were used for these measurements.

rﬁﬁg. 5. Subthreshold characteristics of SOl NMOSFET and PMOSFET,
perating in DTMOS and standard MOS regimes. Body (base) currents of
TMOS devices are also known.

be also much less than a bulk DTMOSFET. In [3]-[6], thBave the same leakage. Reduckg compared toV;, is
increase of drain current over standard MOSFET at low ga#§ained through an ideal subthreshold swing of 60 mV/dec. In
voltages was interpreted as contribution of the lateral bipol&PTMOS transistor, the surface potential varies with the gate
transistor with current gains as high as*18s we will show Voltage mV for mV, and a subthreshold swing of 60 mV/dec
below, a better explanation is the reduction of MOS threshol$i achieved. Fig. 5 demonstrates this for PMOS and NMOS
voltage because of forward body bias. devices opergted in DTMOS mode apd in the star_1dard mode.
Body bias effect is normally studied in the reverse bias AN €qually importantimprovement is further obtained above
regime, where threshold voltage increases as body-to-soutee (Fig. 4). As the gate of DTMOS s raised beyomdy,
reverse bias is made larger. DTMOS operates in the exifdfeshold voltage, which is now a function of gate bias, drops
opposite regime. Namely, the body-source junction is “forwafyrther. For example, for Tech-B in Fig. 4, B, = Vi, = 0.6
biased” (at less than 0.6 V), forcing the threshold voltage ¥ the effective threshold voltage;(Vy, = Vi, = 0.6V) =
drop. Fig. 4 illustrates this behavior for NMOSFET, where &2 V compared toV;,(Vy, = Vi, = 0) = 0.4 V. V; reaches
separate terminal is used to control the body voltage. In tHi§ MiNiMum (4 win) whenvy, = Vi; = 205
figure V;, denotes the threshold voltage with body bias set to

Zero ‘/t, min — 2(I)B + VFB- (5)
Vie =205 + Ve + —V%S’qév‘w_ (2) Comparison of (3) and (5) with (2), points to the fact that

the reduced threshold voltage is due to the reduction of body
Here Vrp is the flat band voltage2® g is the inversion layer charge. AtV; i, body charge is totally eliminated. In Fig. 4,
potential,es is Si permitivity, ¢ is the electron chargéy, is to obtain the sharpest curve (due to body effect parameter
the channel doping{,. is the gate oxide capacitancg, is dependence oWV,) and a curve shifted to the left (an hence

given by the maximumV; reduction), the highest acceptable doping,
i.e., highest acceptabl®;,, and a low work function gate
Vi =Vio = A(V2%y = V20, = Vbs) material should be used (Fig. 6). Obviously, the net result of
=20p 4+ Vip + AV/20p — Vs (3) threshold voltage reduction is the increase of inversion charge

: . or equivalently the gate capacitance
where A = /2¢5qN,/C,,. The loci of DTMOS operation quv y g pact

is shown byV,, = Vi, line in Fig. 4. V;, represents the
; g ] f IV,
point where the body (or gate) bias and the threshold voltage dQyn =Cou| OVy — Wan = Ceyy
become identical. Whef,, is less thanV;;, DTMOS is in 5 9
the subthreshold regime. Letting,, = V; in (3), we can =C,, <1+ W ) (6)
determineV,s Vg

€sqNa 2WrpC2, This is demonstrated in Fig. 7, whet@,,, and Q,, of
Vir =29+ Vi + 2 1- W —1]. (4 DTMOS and standard MOSFET are compared. An interesting
o ¢ interpretation of (6) is that DTMOS provides an effectively

Thus, atV,, = V,, = Vi, V; is at a desirable and lowerthinner gate oxide, in addition to havingla that is larger at
value thanV,,. This lower threshold voltage does not comé’, = 0. Reduction of body charge in DTMOS leads to another
at the expense of higher off-state leakage current becaus@adtantage, namely higher carrier mobility, as seen in Fig. 8.
Vys = Vi = 0 DTMOS and the standard device have the sanféis is due to the fact that body charge reduction leads to a
V;. In fact, they are identical in all respects and consequenttwer effective normal field in the channel [7]. This statement
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Fig. 7. Gate capacitance and inversion charge of an NMOSFET wikig. 9. Drain current of the NMOS device shown in Fig. 7 versus
body grounded (standard MOS) and body tied to the gate (DTMOSate voltage, for standard MOSFET and for DTMO®g;, = 50 mV,
The mobile chargel,, is obtained by integrating the gate capacitancely//L = 20 m/10 pm.

W/L = 20 um/20 um, to, = 6.4 nm.

threshold voltage reduction by means of forward body bias

becomes more evident when one realizes [8] outlined above. Since fob < V,,(= Vi) < 0.6 V, the

Qn surface potential is lower than the potential in the silicon
Eeff normal = @n+ 2 film, the current is still confined to the inversion layer at the
A €s Si/SiO, interface in the standard MOSFET. This is verified by
Vs + Vi 7) 2-D simulation of DTMOS device shown in Fig. 10, where

T 6ty Vys = Vis = Vgs = 0.6 V. In fact, if the device channel length

AssumingVips + 285 = 0 in (2) obviously, lowerV; leads is not ultra-short, current gain of the lateral bipolar device will
to a lower ngf an(f higher mobility The’ higher tmobility be modest. We have demonstrated this with a four-terminal

and larger inversion charge lead to a higher current drive ﬂ?wce in Figs. 11 and 12, where drain (collec.tor) and base
DTMOS as seen in Fig. 9. currents, and appgreﬁt are plotted for several d|ffefent gate

In DTMOS operation the upper bound for appliEgi = Vi voltages. For positive gate voltages, MOS curre_nt is added to
is set by the amount of base current that can be toIeraltg'& bipolar coIIec_tor current and the_apparent blpol_ar current
for low-power VLSI circuits. This is illustrated in Fig. 5, I&INS are very high. However, ds, is made negative, the
where PMOS and NMOS device body (base) currents aMaOS c_urrent is eliminated and drops to its true bipolar low
shown. AtV,, = 0.6 V base currents for both PMOS andvalue, independent of the gate voltage. Thus, gy > 0 the
NMOS devi?:es are less than 2 nAf. This current level rgtio of drain curre.nt to base current can not be interpreted as
is tolerable in most circuits, howevér,, can not be raised bipolar current gain.
appreciably above 0.6 V due to the exponential rise of this ) ) .
leakage current. Consequently, exploiting the bipolar curreft EXPerimental and Simulation Results
might not be practical, as a sizable collector current would Devices based on technologies A and B were considered
require Vs > 0.6 V. The ratio of the drain current to thein this study. Important parameters of these two technologies
body (base) current of Fig. 5 can be interpreted as bipolare given in Table I. The interconnect load capacitance of
current gain, and hence the device would have a large curreath stage was assumed to be equal to total gate capacitance
gain [3]-[6]. We believe a more precise interpretation is thef a stage. The measured inverter dc transfer characteristics
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forming the inverter are DTMOS. Full power supply voltage swing is obtained
Fig. 10. TMA-MEDICI simulation of an NMOS SOl device with body anddown to Vyy = 0.2 V.

gate tied together. As in [4], the body contact is created below the device for
ease of simulation only. The total buried oxide thickness is not shown here.

Vys = Vi = Vi, = 0.6 V.
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Fig. 11. Drain and base currents of a 4-terminal device versus its ba@
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g. 14. Drain current of an SOl NMOSFET operated as a DTMOS (body
tied to the gate) and as a standard MOSFET (body grounded).varies
from 0.2 to 0.6 V in 0.1 V steps.

current is 2.5 times that of the standard devicd/at = 0.6
V, and 5.5 times that of the standard devicelgt = 0.3
V. Again, the subthreshold currents of these two devices are
identical atV,, = 0 .
As was mentioned in Section IlI-A, DTMOS gate capaci-
tance is larger than the standard MOSFET gate capacitance.
However, gate capacitance is only a portion of total switching
capacitance, and current drive of DTMOS is much higher
than that of the standard MOSFET. Therefore, DTMOS gates
are expected to switch faster than regular MOSFET's. A
combination of experimental data and mixed-mode simulation
results are used to evaluate the ac performance of DTMOS:
standard CMOS, and DTMOS-based CMOS ring oscillators
?Xmere fabricated by the same process, with the results shown

in Fig. 15. Since threshold voltages of devices used in the
ring oscillator were high in Tech-AW, = 0.67 V), optimum

of Tech-B is shown in Fig. 13. If we adopt the criteria ofperformance was not achieved for low power supply voltages.
noise margin being at least 0¥,;;, and the inverter gain For Tech-B, ring oscillators are not available. We assume that
being at least four, this inverter will stay operational dowgate capacitance in an older technology A amounts to one
to V44 = 0.2 V. Current drives of DTMOS and standarcthird of total capacitance, and,,.(Tech-A)/C.,.(Tech-B =

MOSFET are compared in Fig. 14 for Tech. B. DTMOS draifi4/100 (Table 1), while junction and interconnect capacitances
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Fig. 17. Simulated delays obtained from the inverter chain of Fig. 16(a).
The 2-D device simulator TMA-MEDICI used in this work.
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remain the same. The solid line in Fig. 15 shows the expected ®)

delay of a ring oscillator based on Tech-B devices, obtain&td: 18- (a) A two-input NAND gate with an inverter as its load is used
y 9 & MEDICI simulations. Device sizes are as follows: for the NAND gate

by dividing the measured delay of Tech-A by the ratio o(ﬂ1 /L), = (8 um/0.3 ym) and (W/L), = (5 um/0.3 um), for the

measuredly.,:'s of Tech-B and Tech-A, and then increasingpnovator (W/L), = (10 um/osum)and(n/L)n = (5 um/0.3 pm).
it by a capaC|tance factor. The value ofC;,,; is equal to the total stage gate capacitance. Node A was

t;;ssumed to be high and node B was pulsed. (b) Simulated delays obtained
To further compare the ac performance of DTMOS Wwit{ising the NAND gate of (a). The reported delay is computed between input

the standard device, mixed-mode simulations were carried oades and the node naméd,,.....

by employing the 2-D device simulator TMA-MEDICI [9]. and described by the following formula [10]:

The simulation is based on an inverter chain, as shown in to —t1 + 1ty —t3

Fig. 16(a). The delay time definition is shown in Fig. 16(b), tpd = - 9 (8)
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Fig. 21. (a) A small “limiter” transistor is used to provide forward bias for
the large transistor. The “limiter” clamps the forward bias to only 0.6 V,

Fig. 20. A buried contact method suggested for shorting the gate to the boti@ependent of the power supply voltage. (b) Drain current of a large NMOS
device with and without the “limiter” transisto#/; is varied from 0 to 1.5

. . . L . Vin 0.5 V steps. The limiter transistor width is @2m.
The first inverter in the chain is driven by a waveform

with linear rise and fall shown in Fig. 16(b), with the initialmarginal compared to speed enhancement. DTMOS however
rise time 7. Since the delay time is extracted from théas a nonzero static power dissipation component. From the
second inverter, this initial rise time does not affect the resijise current of Fig. 11, we can estimate that fdr tt@nsistors
appreciably. Nonetheless, for higher accuracy, we iterated 5% NMOS, 50% PMOS), each Am wide, with Vg = 0.6
simulation process and adjusted the value & nearly match v, total static power dissipation will be equal to 0.3 W which is
the output signal of the second inverter. We assume that #r@all for a large microprocessor chip. Note that a process that
stage interconnect capacitance dominates and equal to 70clin reduce forward biased diode current will further improve
which is respectively, 4.5 and 3 times larger than the total gadeatic power dissipation in DTMOS.

capacitance of a stage for Technologies A and B. Tech-A and

Tech-B were both simulated, with the results shown in Fig. 17. IV. DISCUSSION AND CONCLUSION

Employing a similar approach as above, a two-input NAND DTMOS devices described and analyzed in the previous
gate (with an inverter as the load) was simulated. The circgiéctions by no means represent the optimum realization of
diagram is shown in Fig. 18(a). In this case we assume thFMOS. These structures can be improved in several fronts,
stage load interconnect capacitadég; to be equal to the total some of which are discussed below. The DTMOS structure
stage gate capacitance, which explains why simulated NANJepicted in Fig. 3 (and utilized in the ring oscillators) has
gate has a smaller delay than a simulated inverter. The wasstra parasitic capacitance around the gate-to-body contact.
case values of,q;;, andt,qr iz were computed and averagedrhis capacitance adds to the total switching capacitance and
for DTMOS and standard CMOS cases, with the results showsgrades the DTMOS ac performance. Other methods of
in Fig. 18(b). All of the above results indicate that speed &horting the body to the gate that eliminate this capacitance are
DTMOS circuit is superior to that of the standard MOSFETeasible. For example, it is not necessary to use the metal for
by two to ten times. The improvement is the biggest if thshorting the body to the gate, as a buried contact concept can
interconnect capacitance dominates. be exploited: after the gate oxidation a thin layer of polysilicon

DTMOS has a slightly higher dynamic power dissipatiofapproximately 20-30 nm) is deposited. Next, a mask is used
due to a higher current drive, or a higher effective gate implant the selected area and to create a contact window
capacitance, as shown in (6). This is depicted in Fig. 19, whdye etching the polysilicon layer and the underlying oxide.
switching energy of DTMOS inverter is compared to the onBubsequently, a thick layer of polysilicon is deposited. This
of standard CMOS inverter. The dynamic power dissipation plysilicon layer will be shorted to the silicon film directly
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in the contact window. Fig. 20 illustrates this configuration.[6] S. Verdonckt-Vandebroek, J. You, J. Woo, and P. Ko, “High gain lateral
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voltage along its width. Providing this connection at both edges mobility in the inverted{100) Si surface,” inlEDM Tech. Dig., Dec.

i i i i i 1979, pp. 18-21.
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narrower transistors will alleviate this problem. Also, thepr vol.18, N.G.Einspruch and G.Gildenblat, Eds. New York:Academic1989.
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