DOUEBLE JEOBRARDY

IN THE NANOSCALE
COURT?

Maodeling the Scaling Limits of Double-Gate MOSFETs
with Physics-Based Compact Short-Channel Models of
Threshold Voltage and Subthreshold Swing

ver the past three decades, the

primary driver of the exponential

improvements in integrated cir-

cuit performance has been the
scaling of MOSFET dimensions. The dou-
ble-gate silicon-on-insulator (DG SOI)
MOSFET structure is widely expected to ex-
tend MOSFET scaling to and beyond the 65
nm technology node with physical gate
lengths below 25 nm [1]. The superior
scalability of this novel device has been
demonstrated by previous studies [2]-[9].
While the majority of these analyses are
based on numerical simulations, which
provide accurate results, physical, com-
pact, analytical device models are highly
desired. In this article, such models of
threshold voltage and subthreshold swing
for undoped symmetric DG SOI MOSFETSs
are presented. These models are used to re-
veal physical insights into device operating
principles, to provide efficient guidelines
for device designs, and to enable a comprehensive projection of
scaling limits and opportunities of DG SOI MOSFETs.

Short-Channel Effects and DG SOI MOSFETs
Two key characteristics of a MOSFET are the threshold volt-
age (V7) and the subthreshold swing (S). The threshold volt-
age is the value of the gate voltage that turns on the transistor
by inducing a highly conductive channel from the source to
the drain. The subthreshold swing is the gate voltage change
thatis required for an order-of-magnitude change of the drain
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current in the subthreshold region. As
the channel length (L) of a typical
MOSFET is reduced with all other param-
eters held constant, the threshold volt-
age decreases and the subthreshold
swing increases, as illustrated in Figure
1. Collectively, threshold voltage rolloff
and subthreshold swing rollup are com-
monly known as short-channel effects
(SCEs). In consequence of SCEs, the ra-
tio of the drive (ON) current to the leak-
age (OFF) current is substantially
reduced, which imposes severe tradeoffs
between circuit speed and standby power.
In addition, SCEs amplify the impact of
process variations on CMOS circuits.

In conventional bulk MOSFETSs, SCEs
are caused by the lateral electric fields
from the source to channel and drain to
channel. As L decreases, the lateral fields
terminate on more charge further into
the channel, which essentially steals the
charge that would normally be terminated by the gate voltage
inalong-channel device. This stealing of charge by the lateral
fields effectively lowers the source-to-channel barrier, which
controls the conduction of electrons from source to drain. To
limit this charge stealing, and thus mitigate SCEs, heavy
channel doping is exploited in bulk MOSFETSs. As the gate
lengthis scaled to 50 nm and below, the required channel dop-
ing concentration is expected to be a few times 10 cm™ and
above [10]. These extremely high doping levels, however, lead
to 1) severe degradation of the carrier mobility as the impurity
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scattering becomes dominant [10] and 2) se-
vere threshold voltage variations due to ran-
dom microscopic fluctuations of dopant
atoms [11].

The DG MOSFET, as illustrated in Figure 2,
does not require channel doping for SCE con-
trol. Instead, this novel device uses a second
gate and a fully depleted silicon film as the
channel to enhance the electrostatic control of
the gates over the channel, which effectively
suppresses the impact of the source/drain. The
thin silicon film is undoped or lightly doped
(typical doping concentration NA<1016 cm™
[12]) to guarantee the full depletion condition.
For the most effective SCE control, the two
gate-oxide layers are equally thin. Use of an
identical material for both gates results in a
symmetric DG MOSFET.

Subthreshold Swing Model

The superb turn-off characteristic of undoped
DG MOSFETSs can be comprehended through
the gate-to-gate capacitive coupling. For
large channel lengths, the impact of the
source/drain can be ignored, and the channel
potential is modulated by the gate voltage
only. Since the thin silicon film is fully de-
pleted and the amount of mobile charges in
the subthreshold region is negligible, the sili-
con film behaves like a dielectric with respect
to the gates, which is analogous to a dielectric
layer of a capacitor with respect to its two
plates. As the voltage on both gates swings in
sync, any change in gate voltage induces the
same amount of potential change everywhere
in the channel. Such a one-to-one relation-
ship between the gate voltage change and
channel potential change exerts a perfect
electrostatic control of the gate over the
subthreshold leakage current, which expo-
nentially depends on the channel potential.
Therefore, the subthreshold swing of a
long-channel undoped DG MOSFET has an
ideal value and is calculated as [13]
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THE DARPA ADVANCED
MICROELECTRONICS PROGRAM

n 1997, the Defense Advanced Research Projects Agency (DARPA) initi-

ated a research program to explore the limits of scaled transistors and inte-

gration. That research program, the DARPA Advanced Microelectronics
(AME) Program, was based on several prior DARPA programs, including the
ULTRA Program that had been exploring nano-scale nonsilicon devices and the
Low Power Program that had been developing silicon-on-insulator technolo-
gies, as well several other technological advances of the time. The first DARPA
Program Manager for the program was Dr. Fabian Pease. On Fabian’s return
to Stanford University around 1998, | inherited the program and managed its
midcourse and completion. The overall goals of the AME Program were to ex-
plore the future of microelectronics far beyond the end of the technology
roadmap that existed at the time. Within the program itself, the objectives
were to explore the technologies for creating useful devices with minimum
channel dimensions of 25 nm, potential scales of integration approaching
1E12 transistors per chip (terascale integration), with room-temperature op-
eration. At the outset of the program, about a dozen research contracts with
leading-edge companies, universities, and other organizations were funded
and three technological areas were identified as being crucial:

M 1) active devices suitable for terascale integration (e.g., with overall di-
mensions less than 150 nm squared, transconductance >100 S/m,
power delay products approaching 10aJ)

M 2) monolithic structures with many layers of high-quality active devices
(3-D integration)

M 3) interconnect strategies.

The major emphasis of the AME program was on exploring candidate
scaled devices for terascale integration applications (areas 1 and 2). The in-
terconnects for advanced devices and circuits received less attention by com-
parison but has certainly been (and is being) addressed by other research
programs and by the industry.

The program has been completed and was extremely successful. The sci-
entists and engineers in the program pursued many novel and innovative de-
vices. Some of those candidate devices were innovations on and variations of
the traditional MOSFET (i.e., the current is varied by controlling the height of a
thermal barrier); vertical transistor-type devices in several configurations;
and other switching devices that relied on controlling the channel current
through modulation of various forms of tunneling barriers. Opportunities to
impact future circuit architectures and to solve interconnection issues were
explored through work on 3-D fabrication. Clever approaches were worked on,
but those technologies were taken up comparatively late in the program and
remain rather speculative. The articles in this issue describe the device and
related technology work that is representative of what was undertaken and ac-
complished in the program.

Daniel J. Radack
DARPA/MTO

where Vi is the gate voltage, 1 is the drain current, £ is the
Boltzmann constant, 7'is the absolute temperature, and g is the
electron charge. At room temperature (7=300 K) (1) gives ~60
mV/dec.

In long-channel undoped symmetric DG MOSFETs, besides the
ideal value of the subthreshold swing, a unique physical phenome-
non, called volume inversion [14], is observed. Since the channel
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region contains such a small amount of fixed ionized dopant
charges, the silicon film is virtually equi-potential across the thick-
ness. Essentially, the entire silicon film is inverted by the gate volt-
age to the same degree and takes part in the subthreshold leakage
collectively. This volume inversion effect, as demonstrated later, is
important to appropriate subthreshold and near-threshold charac-
terization of symmetric DG MOSFETs.
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1. Impact of short-channel effects on drain current. As the channel
length (L) is reduced, subthreshold swing increases (So > S1) and
threshold voltage decreases (Vryy o < Vg 1)-
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2. Schematic of the cross section of a symmelric double-gate
MOSFET. The channel is undoped or lightly doped with the doping
concentration (Na) less than 1 0% em™.
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3. “Center of gravity” of subthreshold leakage in each half of the silicon
film, normalized to the film thickness, versus channel doping concen-
tration. The ordinate 0 corresponds to the film center, and 0.5 corre-
sponds to the Si/SiOx interface. L=30 nm and t,,. = 1.5 nm. After [15].
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The subthreshold swing of a short-channel DG MOSFET is im-
paired by the source/drain. In the subthreshold region, the gate
voltage is applied to keep the electrostatic potential of the channel
sufficiently low to reduce the amount of mobile carriers in the
channel and turn off the transistor. The channel potential near the
source/drain, however, is pinned to the much higher potentials of
the source/drain, where mobile carriers are abundant with concen-
trations above 102 cm™. Asa result, every effort of the gate voltage
to lower the channel potential and turn off the transistor has to in
part overcome the opposition from the source/drain potentials in a
short-channel DG MOSFET. A degraded turn-off characteristic,
corresponding to an increased subthreshold swing, results. Such a
physical mechanism can be described mathematically by solving a
two-dimensional Poisson equation that includes the term of fixed
ionized dopant charges only [15].

The potential solution provides yet another insightful view of
the SCEs and their control in the undoped symmetric DG
MOSFETs. The electrostatic potential at the channel center
turns out to be slightly higher than at other positions across the
silicon film thickness in a short-channel device [15], and the
channel center appears most leaky [16]. This results from the
control of the gate voltage being most weakened by the
source/drain potentials at the channel center, which is the fur-
thest point of the channel from both gates. Consequently, to sup-
press the SCEs the vertical electrical distance between the gates
and the channel center must be much smaller than half of the
channel length; i.e.,

£gi L
+ 5 <<,

€ox 2 2)

Isi
2

where fg; and £, are silicon channel and gate oxide thickness, re-
spectively, and eg; and €., are silicon and gate oxide
permittivity, respectively. Both a thin silicon film and a thin gate
oxide are thus required to scale undoped DG MOSFETs.

The electrostatic potential difference between the channel
center and the Si/SiOz2 interfaces, however, is quite limited in a
short-channel device because of its two-dimensional nature. The
volume inversion remains in effect. Its presence is confirmed in
Figure 3, which depicts the normalized position of the “center of
gravity” of subthreshold leakage in each half of the silicon film.
For undoped devices, this “center of gravity” lies neither at the
silicon film center nor at the Si/SiO2 interface but rather approx-
imately halfway in between.

The analytical solution of the two-dimensional Poisson equa-
tion in combination with the volume inversion effect leads to a
compact subthreshold swing model for undoped symmetric DG
MOSFETs [15]
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where the parameter
I} is provided in the
appendix, and A; is a
scale length calculated
as the lowest-order so-
lution to a transcen-
dental equation

tanﬁ :ﬂ“il

)

2M (4)

where 7 = € ,f; / €gilox- As shown in Figure 4, this compact
subthreshold swing model agrees well with numerical Medici
simulations. As the channel length is made sufficiently large, the
subthreshold swing approaches its ideal value given by (1), i.e.,
~60 mV/dec at room temperature. As previously discussed, a
thin silicon film and a thin oxide effectively reduce the sub-
threshold swing rollup.

Threshold Voltage Model

Historically, the most popular definition of threshold voltage
used in compact modeling is the gate voltage at which the sur-
face electrostatic potential becomes 2¢ 5, where ¢ is the differ-
ence between the Fermi level and intrinsic level of silicon in the
neutral region [17]. Under this definition, the density of inverted
mobile carriers at the silicon surface equals the density of the
dopant atoms in the silicon bulk at the threshold voltage. This
definition has been physically reasonable and successful in iden-
tifying the turn-on condition for bulk devices, where channel
doping concentrations are in the range of 10" cm~and higher.
In undoped devices, however, the mobile carrier density that is
required to turn on the transistor far exceeds the channel doping
concentration [18], and the 2¢p surface potential definition no
longer serves as an indicator of the turn-on condition. An alter-
native way of defining the threshold voltage can be adopted that
uses the gate voltage when the inversion carrier sheef density
(i.e., integrated inversion carrier density) reaches a constant
value (Qrg ), which is selected to adequately reflect the turn-on
condition. Such a definition is a close equivalent to the con-
stant-drain-current measurement that is widely used in both ex-
periments and numerical simulations [3], [7].

In undoped symmetric DG MOSFETS, the volume inversion re-
mains in effect through the near-threshold region. Consequently,
the electrostatics in the entire channel is determined by mobile
charges, rather than by fixed ionized dopant charges, under the
threshold condition. A threshold voltage model is thus derived by
analytically solving the two-dimensional Poisson equation with
only the mobile charge term included in the channel region [19]

Vagg =D s + kT cosh(8) IH(QTHJ

g cosh(6/2) nlg;
cosh(0)
B e SN | ,
Losh(e/z)n :|(VOm )
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For large channel lengths, the impact of the
source/drain can be ignored, and the channel
potential is modulated by the gate voltage only.

where @, ; is the gate
workfunction refer-
enced to intrinsic sili-
con and n; is the
intrinsic density of
electrons. The parame-
ters m, 0, and @, are
provided in the appen-
dix. For sufficiently
large channel lengths, (5) simplifies to a long-channel threshold
voltage model

Vi jong =Pums; + LB Qﬂ’

mts; (6)
which is compared to numerical FIELDAY simulations [7] with
close agreement as demonstrated in Figure 5. The constant slope
of Vyyy 1ong Versus £g; (in log scale) confirms the presence of the
volume inversion effect. The threshold voltage rolloff (AVyy ),
defined as the difference between the short-channel and
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4. Subthreshold swing versus channel length: comparison of model
projections (lines) with Medici numerical simulations (discrete
points) (t,, = 1.5 nm). After [15].
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5. Long-channel threshold voltage versus silicon film thickness: com-
parison of model projections (solid line) with FIELDAY numerical
simulations (discrete points) [7]. After [19].
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long-channel values of threshold voltage, is then obtained from
(5) and (6) as

The rolloff model is compared to numerical FIELDAY simula-
tions [7] with good agreement as indicated in Figure 6. A thin sil-
icon film and a thin gate oxide are required to limit threshold

AV = [kT In Q. —(POm)[n cosh® _1} voltage rolloff to acceptable levels.
g nlg cosh(0/2) (7) . -
Scaling Limits
As previously discussed in the subthreshold swing and
threshold voltage modeling sections, a thin silicon film and a
' . S ' thin gate oxide are needed to suppress SCEs and to enable
or ﬁw cham‘lel lengtb scaling of gndoped DG MOSF'ETS'. The un-
oy -~ ¥ o derlying physical explanation has been qualitatively pro-
50} :“;.-"" u.-"'r ..-"'f ;,.-"'l - vided above. A quantitative guideline can be obtained by
% f f.a i studying the scale length A;, which characterizes the
E 100k f jf / i two-dimensionality of the channel potential distribution. As
: ty = 1.0 nm seen in (3), a smaller A1 enables a smaller channel length for
= f{gi=1.5nm7] the same amount of subthreshold swing rollup. Therefore,
-150 : ;s! = ?6Onnr:] reducing A; is central to scaling undoped DG MOSFETs.
Jl[ —_ t::;25 am - Simplifying for two separate conditions, » <m/2 and
200 \ , . | r >m /2, A may be approximated as [15]
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E ," T respectively. Expressions (8) and (9) readily quantify the
f -100 need of reducing the vertical dimension for SCE suppres-
<
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Channel Length (L
(b)

) [m] OO

sion, which is qualitatively described earlier in (2). In addi-
tion, (8) and (9) provide key insight into the relative
effectiveness of reducing silicon film thickness versus reduc-
ing oxide thickness toward channel-length scaling. When ¢
is much larger than ¢, A1 is primarily determined by £g;. In
this regime, reducing ¢g; is more effective than reducing £,
for the same percentage of reduction. As ¢g; becomes compa-

6. Threshold voltage rolloff: comparison of model projections (solid lines)

with FIELDAY numerical simulations (discrete points) [7].
(a) tox = 1.0 nm. (b) tox = 1.5 nm. After [19].
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7. Design contours of t oy versus ts; for L = 10, 15, 20, 25, and 30 nm
with S = 100 mV/dec.
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rable to #,,, reduction of #,, becomes equally critical. The

impact of reducing Zg; and #ox to enable channel-length scal-

ing is illustrated in a contour plot given in Figure 7 for a con-
stant subthreshold swing of S=100 mV/dec.

In addition to how small £g; and ¢, can be made, the scaling
limits of undoped DG MOSFETs are also dependent upon sys-
tem and circuit requirements, which are determined by the de-
sired application [20]. For this reason, four different criteria
are considered. The first two criteria are based on subthreshold
swing requirements of 70 mV/dec and 100 mV/dec, which cor-
respond to excellent and moderate transistor turn-off charac-
teristics, respectively. The third criterion mandates that
threshold voltage rolloff from its long-channel value be less
than 100 mV as an acceptable amount of short-channel effects
[21]. The final criterion is that the “local” threshold voltage
rolloff (i.e., the change of threshold voltage from its nominal
value) should be less than 7% of the supply voltage when the
channel length is 30% off its nominal value, which is similar to
the criterion set forth in [22]. This criterion takes process toler-
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ances into consider-
ation, and the 30%
process tolerance is a
channel-length-
equivalent variation
that includes both
channel-length varia-
tion and silicon film
thickness variation.
For example, the al-

lowable “local” threshold voltage rolloff is 70 mV for a 1 V sup-

ply voltage.

Based on these four criteria, minimum channel lengths of
undoped symmetric DG MOSFETSs are projected in Figure 8 as
functions of ¢g; and #,,. The minimum value of Zg; is assumed
tobe3nmin order to keep energy quantization effects reason-
ably small [7], [19]. The minimum value of #,, (understood as
the equivalent electrical oxide thickness) is set to be 0.9 nm

[1]. From Figure 8, model projections indicate that the
channel length of an undoped DG MOSFET as an individ-
ual device can be scaled beyond 10 nm (i.e., ~7 nm) for a
moderate turn-off behavior of S=100 mV/dec. Applying
the requirement for an improved turn-off behavior of
S=70 mV/dec forces the minimum channel length to in-
crease to ~12 nm. Similar values are projected by the 100
mV “global” rolloff criterion. The most stringent limiter
for scaling comes from the “local” rolloff requirement as
demanded by process tolerance considerations. The model
projects much larger minimum channel lengths (~16 nm)
than those by all other scaling criteria. The ability to
tightly control process tolerances will set the ultimate
limit on scaling of undoped DG MOSFETs as a building el-
ement, rather than as an individual device, for gigascale
integration.

Summary/Conclusions

Physics-based compact short-channel models of threshold
voltage and subthreshold swing for undoped symmetric dou-
ble-gate MOSFETs were presented, which were developed
from analytical solutions of the two-dimensional Poisson
equations in the channel region. These models, which are in
close agreement with numerical simulations, accurately
characterize the subthreshold and near-threshold regions of
operation by appropriately including essential phenomena
such as volume inversion and the dominance of mobile
charges over fixed charges under threshold conditions. Ex-
plicit, analytical expressions are derived for a scale length,
which results from an evanescent-mode analysis. These
equations readily quantify the impact of silicon film thick-
ness and gate oxide thickness on the minimum channel
length and device characteristics and can be used as an effi-
cient guideline for device designs.

These newly developed models are exploited to make a
comprehensive projection on the scaling limits of undoped
double-gate MOSFETs. This novel device has intrinsically
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A threshold voltage model is derived

by analytically solving the two-dimensional
Poisson equation with only the mobile charge
term included in the channel region.

superb turn-off
characteristics and su-
perior short-channel
effect suppression. On
the individual device
level, model predic-
tions indicate that the
minimum channel
length can be scaled
beyond 10 nm for a

turn-off behavior of S=100 mV/dec for a silicon film thickness
below 5 nm and an electrical equivalent oxide thickness below 1
nm. For the purpose of gigascale integration, however, the abil-
ity to tightly control process tolerances will determine the ulti-
mate scaling limits on double-gate MOSFETs. The minimum
channel length is increased to ~16 nm if a 70 mV voltage varia-
tion is allowed for 30% cumulative process tolerance that ac-
counts for both channel length variation and silicon film
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8. Scaling limits: (a) channel length versus oxide thickness and (b) channel
length versus silicon film thickness.
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thickness variation. If novel technologies, such as proposed in
[23], are developed to tighten process controls, the feasibility of
gigascale integration using undoped DG MOSFETs witha 10 nm
channel length can be realized.
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Appendix: Summary of Parameters
For the subthreshold swing model (3):

27"] tSl 1 t%l
l‘Sl 27\‘2 2 2 7’27L2

For the threshold voltage model (5):

n =1+§tanhe,
r

e=BtSi/L,

-1
B = Tt(l +29_qvbi'i/2kT7\.Dl‘ / L) B

where Vy; ; is the source/drain junction built-in voltage with in-
trinsic silicon, and A p; is the intrinsic Debye length given as

hpi =\2kTes;: | ¢°n;,

Vi 4/ 2KT .
(POm:Vbi,i—%TTln2+e Lo,
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