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ABSTRACT

Ultra-low power systems require very low standby power
and operate at moderate speeds. Traditionally, the normal
surface channel inversion(SCI) FET would be considered
better for such applications when compared to the buried
channel{BC) FET, since the BC FET has always shown more
short channel effects in past research. But, past comparisons
between the two FETs have been done with the highest fre-
quency in mind and the same conclusion need not hold true
for moderate speed, ultra-low power applications. Due to a
better subthreshold slope and negligible band to band tun-
neling leakage at the drain-halo and drain-channel region,
the BC FET is better suited for such applications,

I. INTRODUCTION

The emphasis on high frequency operation of digital logic
has resutted in FETs being compared at their highest fre-
quencies, for a given technology. The surface channel in-
version(SCI) FET has always won over the buried chan-
nel(BC) FET in past comparisonsf1] and the same behavior
has been assumed for low power operation. This assump-
tion holds good most of the time, as long as the same FETs
are used for low power applications as for high performance
applications. Such was the case in most of the older tech-
nologies, where the leakage current was a few pA/um. But
present day high performance technology has a subthresh-
old leakage current of a few nAfum, which would be too
high for ultra-low power applications. Such applications
include implantable medical devices, wearable wrist watch
computers, self-powered devices, etc., and require a very
low standby power but only a moderate speed. This ne-
cessitates the need for moderate to high V1 FETs(to keep
Petatic low). ITRS 2001 [2] projects the leakage current of
low standby power(LSTP) systems to be 1pA/um(30nm Leg
generation) and the V1 to be 0.52V.

The BC FET belengs to a more general class of FETs -
the accumulation FETSs, which use a p+ poly for NMOS and
have a thin counter doped(i.e. N-type) layer in the channel
region, Fig. 1. Conduction occurs in this region and thus the
term “accumulation”, as opposed to “inversion”. The ex-
pression “BCA”(buried channel accumulation) FET is more
appropriate than “BC” FET and will be used in the rest of
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Fig. 1. (a)Accumulation NFET and (b)Inversion NFET
structures

this paper. Threshold voltage control for BCA FETs is done
by varying the implant doping, Fig. 2, while that of the SCI
FET by varying the channel doping,

II. FET AND CIRCUIT MODELING

Compact FET analytical models derived in [3] and [4] are
used. The models are transregional in nature - i.e. all re-
gions of operation are modeled by maintaining continuity
across regional boundaries while including vertical and la1-
eral high field effects. The models are entirely physically
based - i.e. they have no fitting parameters and thus can be
used for predicting technology over the next decade. Verifi-
cation of the models with both experimental data and simu-
lations is given in [3],[4]. The models are verified with 2D
numerical simulations(using device simulator MEDICI[5])
for the 50nm(L ) generation, Figs. 3 and 4. A very good
match between the FET models and numerical simulations
is achieved.

The models given in [3],[4] were slightly modified to
include velocity overshoot, which is taken care of by mod-
ifying pegr(effective mobility including degradation due to
vertical field ) as[6]:

Hest Heff Avo
+— (1)
1+ 56 14 L

where Ayo is the velocity overshoot factor. Using experi-
mental data in [7], an analytical expression for Avg can be
obtained as [6]: Avo = 91In [0.16pe7 — 14] x 1075,

Band to band tunneling(BTBT) current at the drain junc-
tion becomes important at high channel and hale doping.
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Fig. 2. V1 control of accumulation and inversion NFETs
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Fig. 3. Transregional SCI FET model vs numerical simula-
tion(MEDICI)

Assuming a triangular barrier, the wnneling current density
can be found as[9]:

v2m*q’EV
J=———&x

20172
472R Eg/

4\/2m'Eé"2 @
© 3qEh )

E depends on the drain and substrate(i.c. channel and halo)
doping in the SCI FET. This model is fit to measured data in
[8] and shown in Fig. 5, where we see a good match between
the mode! and measurements. The model also matches well
with the data in [10].

Circuit modeling is done by vsing a tick-based method-
ology [11]. The methodology uses the FET models to esti-
mate power-frequency performance of a chain of inverters.
A chain of inverters is considered for comparing the power-
frequency performance of the FETs since the worst case de-
lay of a critical path can be simulated by replacing the com-
plex CMOS gates with their worst-case inverters[12]. The
tick based method is applicable over a wide range of supply
voltages and thus is extremely reliable when different FETs
are compared over a wide frequency range.
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Fig. 4. Transregional BCA FET model vs numerical simu-
jation(MEDICI)
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Fig. 5. BTBT leakage model vs measured data from {8]

1. SOURCE FOR BETTER BEHAVIOR

The SCI FET exhibits increasing channel doping with in-
creasing long-channel threshold voltage(Vry){i.e. decreas-
ing lorr), Fig. 2. The increased doping in the 3CI FET
results in a smaller depletion depth(d) and thus a larger sub-
threshold slope(S)(ex %). Thus Ssc) increases with decreas-
ing lorg, Fig. 6 (for the case without BTBT leakage). For
the BCA FET, V1. increases as channel doping is reduced,
Fig. 2; the reduced channel doping makes the conducting
channel come closer to the oxide-semiconductor interface.
So Sgea reduces with decreasing lger.

Comparing S-lors curves of BCA and SCI FETs(without
BTBT leakage), Fig. 6, it can be seen that at around an lggee
of 0.1pAfum, S of the BCA FET becomes better than that of
the SCI FET. AIthough Skca is better than Sscr at interme-
diate and high V1, the actual performance advantage(i.e.
drive current) is dependent on rolloff. Rolloff in 5C1 is low
since the substrate doping(= channel doping) is high and
thus minimizes charge sharing. In the BCA FET, rolloff can
be minimized by keeping the substrate doping high and by
proper halo design. Very low rolloff for Vr = 0.18V,0.1um
gate length BCA PMOS has been reported in [13]. -

As proof of the above argument, lon vs lgpr curves are
plotted for the BCA and SCIFETS, Fig. 7. Vpp varies along
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Fig. 7. lon — loer for BCA and SCI FETs

the x-axis while the threshold voliage is kept constant, There
exists a crossover in the BCA and SCI curves, which indi-
cates that there exists a region of operation where the BCA
FET is better than the SCI device - this is the low Igy region,
where lon < 10pA/pm and lgpr is a few pA/um. Thus the
BCA FET should perform better than the SCI FET in appli-
cations requiring moderate speed and ultra-low power.

Since the SCI FET design necessitates increased channel
doping for reduced lope, BTBT leakage at the drain-channel
and drain-halo region becomes important. In the BCA FET,
only the channel(i.e. implant) doping is varied to control
lorr; the substrate/halo profiles are designed so as to avoid
any BTBT leakage. Thus the BCA FET shows negligible
BTBT leakage. When BTBT leakage is included in the lorp
calculation for the SCI FET, we get an L-shaped curve, Fig,
6. This is because of the fact that at low Vi, leakage is
dominated by subthreshold current, whereas at high values
of V1, BTBT leakage is the dominant leakage mechanism.
Because of the combined effect of subthreshold leakage and
BTBT leakage, the SCI FET exhibits a minimum lgre of
around 100pA/um, which is too high for ultra loew power
applications. Thus, because of a superior subthreshold slope
and negligible BTBT leakage, the BCA FET is better suited
for ultra-low power, moderate speed applications.
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Fig. 8. Tunneling comparison between AFET and SCI FET
fortex = 15A

IV. ADDITIONAL BENEFITS

In addition to a better 8, there are a few other significant
performance benefits for the BCA FET. Since a higher V1
means a lower channel doping for the BCA FET, one can
expect increasing concentration dependent mobility for this
FET with increasing V. This gives an additional increase
in drive current.

The BCA FETs have a lower gate and drain capacitance,
for the same drain current(compared to the SCI FET). This is
because, when the device operates in the BC regime, 1/Cg =
1/Coy + tc/eg where t is the location of the channel w.r.t
the oxide-semiconductor interface. The drain capacitance
is less[14] since the p-n junction is only at the bottom(for
y; = yi(counter doped layer depth)), rather than both at the
bottom and sidewall as in an SCI FET.

In a BCA FET, electron density at the semiconductor-
oxide interface is less than that in an inversion channel when
the same gate voltage is applied. Eg, the barrier for electrons
to tunnel through the oxide, is higher in a BCA FET than in
a SCI FET. Tunneling models used were similar to those in
[15]. When tunneling current density is plotted w.r.t gate
voltage for a I5A gate oxide, Fig. 8, it can be seen that the
BCA FET has JTynner many orders of magnitude less than
that of the SCI FET. Thus for ultra-low power applications
with a few pW of standby power, the SCI FET would have
to use a 23A[16] thick oxide whereas the BCA FET could
use a 15A oxide - this means a higher drive current for the
BCA FET. The advantage of using a 15A oxide for the BCA
FET is shown in Fig. 7.

V. DESIGN PLANE

To visualize the performance benefits of the BCA FET, one
needs a design plane wherein it can be identified clearly
which of the two FETs-BCA-or SCI, is better. A suitable
design space is the Vpp — V1. plane. The boundaries of
the design space where the BCA FET is better than the SCI
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Fig. 10. Design plane generated using conditions A and B

FET can be determined as shown in Fig. 9. The criterion
for better FET performance can be one of: (A)a better lon
for the same lgrr, or {B)a better Pgynamic for the same Pgaric
and fep.

Fig. 10 shows the design space generated vsing condi-
tions A and B. BTBT leakage is not included in this simu-
lation. The grid resolution is 0.02V along both the x and y
axes. It can be seen that the BCA FET performs better than
the SCI FET in a very small region when condition A is
used. However since the capacitances of the BCA FET are
better than that of the SCI FET, this region expands when
condition B is used(since Pgynamic o¢ Cp and fey oc 1/Cp).
The design space using condition B is the superset of that
using condition A.

VYI. POWER-FREQUENCY PERFORMANCE

To get an idea about the frequencies and power levels where
each of the two FETs- BCA and SCI is better, a chain of
inverters using either the BCA or SCI FET was simulated
using the tick based methodology[11]. Two cases were con-
sidered - a high V1| case and a fow V1 case; P —fy, curves
are plotted in Fig. 11. Power values plotted are per-gate val-
ues.

In the high Vy case, halo-doped FETs were consid-
ered. The SCI FET doping profile was similar to that of
the well-tempered MOSFET proposed in [10]. Comparing
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FETs

the P — foi curves for this case. We see that for almost
the same dynamic power, the SCI FET chain has a static
power an order of magnitude greater than that of the BCA
FET chain. At lower clock frequencies(i.e. lower Vgq),
this difference decreases - this is because while at high f
BTBT leakage is the dominant leakage mechanism in the
SCI FET, at lower f., subthreshold leakage is the domi-
nant leakage mechanism. We see that at frequencies above
500MHz, the standby power of the SCI FET inverter chain
is tens of PW - the SCI FET is unable to achieve ITRS rec-
ommended standby power(for LSTP systems) at these fre-
quencies and this is because of BTBT leakage.

In the low Vy case, uniformly doped SCI and BCA
FETs are considered. Py is kept the same for varying
fax by slightly increasing V1 as Vpp is increased. The low
V1L case shows that the BCA FET chain performs worse
than the SCI FET chain for frequencies well above 1GHz.

VIL. CONCLUSION

BCA and SCI FETs have been compared both at the FET
and circuit level. Due to a lower subthreshold slope at mod-
erate to high V1, the BCA FET is better than the SCIFET in
this range of V. In addition the BCA FET has very low ox-
ide tunneling, no BTBT leakage and lower gate and drain ca-
pacitances when compared to the SCI FET. At Lggg = 50nm
and pW standby power, a BCA FET inverter chain performs
beiter than a SCI FET chain - the BCA FET chain has a static
power 10-100 times lower than that of the SCI FET chain,
for almost the same dynamic power. Thus, the BCA FET is
better than the SCI FET for moderate speed, ultra-low power
applications.
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