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ABSTRACT

With the scaling of the power supply voltage Vpp in
low voltage and low power VLSI, the threshold volt-
age of the MOSFET device needs to be reduced to
retain the device performance in terms of current driv-
ing capability and switching speed. Recently MOS-
FET devices whose threshold voltages can be adapted
during the transistor operation using the body effect
have been proposed for low voltage and low power
VLSI applications. In these devices, the threshold
voltages are reduced by forward-biasing the body-to-
source junction. In this paper we study the effect of
the channel doping engineering on this threshold volt-

age reduction scheme.

INTRODUCTION

Scaling power supply voltage Vpp down to sub-1V in
low voltage and low power VLSI is the most effective
way to reduce the dynamic power consumption and to
assure reliability of deep-sub-micron MOSFET[1].
However scaling Vpp, results in problems of decrease

in current drive and increase in MOSFET switching
delay. System level approaches such as epipelagic and

parallelism in design can solve the problems partially,
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however at the expense of using larger silicon area as
well as larger parasitic capacitance. Scaling threshold

voltage V- is an effective approach to reduce the gate

delay[2,3]. However it is more difficult to scale Vp
because the off-state leakage is one important require-
ment to meet the product specification in stand-by
power consumption, and the signal-to-noise ratio (on-
state current v.s. off-state leakage) degrades signifi-
cantly with decreasing V. To achieve low-threshold
voltage MOSFET yet with satisfactory short-channel
effect is also a technological challenge. Recently
MOSFET device whose threshold voltage can be
adapted using the body effect in real time have been
proposed for low voltage and low power VLSI appli-
cations[4,5]. In these devices, the threshold voltage is
reduced by forward-biasing the body-to-source junc-
tion, which is to the opposite biasing polarity of the
usual body effect. One example of such device is the
Dynamic-Threshold MOSFET (DTMOS). The device
configuration of DTMOS implemented in silicon-on-
insulator substrate is shown in Fig. 1. The body of the
device is tied to the gate electrode. The silicon-on-
insulator substrate provides total isolation of the body
of each transistor. No added photolithography step is

needed to create such body contact. In this device,



Fig. 1 The device schematic and device configuration of the
dynamic-threshold MOSFET whose body is connected to the
gate by the same contact.

The gate voltage not only turns on the channel but
simultaneously reduces the threshold voltage via the
body effect. This device has high V; when turned-off
or inactive to reduce the off-state leakage and has low
V1 when turned-on or active to improve current driv-

ing capability. The improvement in current driving

capability is illustrated in Fig. 2. To suppress the
unwanted current flow between the body and its sur-
rounding junctions, the operating voltage of DTMOS
should be less than the p-n junction turn-on voltage
about 0.7 V. Meanwhile the percentage improvement
in device switching speed by the dynamic-threshold-
voltage effect is larger at lower operating voltages.
Hence DTMOS is an ideal low voltage device. For
example, the intrinsic gate delay, to the first order, can

be estimated as follows:

AV,
CoxVppl 1 + v

. pp) Cox (Vpp+AVy)
d Ipsar Cox Vpp+AVr=Vo_ orpp)
~ Vop +AV, 0
Vop ¥ AVr=Vo_ orr

thus the intrinsic gate delay of DTMOS operated at
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Fig. 2. The graphical illustration of DTMOS operation
(Vps=0.05V). The DTMOS characteristics follow the trajec-

tory where V;=Vjg.
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Fig. 3 MOSFET threshold voltage as a function of the forward
body bias for two different Vi gpe For uniform channel doping
profile, AV is approximately 0.5 Vo at V5=0.6V.

Vop is effectively equal to a conventional MOSFET
operated at Vpp+AVy, while both have the same off-
state threshold voltage, Vr_opp hence the same leakage
current. Note that the extra loading to the gate caused
by the contacting body has been included in this analy-
sis by estimating the input capacitance as Cox(1+AV L/

Vpp). The advantage is even more pronounced when



DTMOS is driving big capacitive load, Cy :
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From (1) and (2) it is seen that the larger the dynamic-
threshold-voltage change AV, the more advantage in
speed. However AV is determined by V. opr and the
body doping profile. For example, with uniform body-
doping profile, the relation between AVy and Vi ggp
is:

AVT = (VT—OFF_VFB_2¢B)( 2¢B
For Vpp=0.6V, AV ~0.5V . orr as shown in Fig. 3.
Thus the dynamic-threshold effect becomes less prom-
inent at small Vg Larger AV can be obtained by
employing larger Vi opp yet the over all switching

speed becomes slower.

CHANNEL DOPING ENGINEERING FOR
INCREASING V; CHANGE

The threshold voltage change by the forward body bias
can be improve by using a step doping profile in the
body (Fig. 4). From a similar analysis as in (3), the
relation between AVy and Vo in a step doping pro-

file is given as:

Voo
AV = (Vr_opr=Vip—20p) 26, ®

The threshold voltage change can improve from 0.5
Viorr Of uniform doping profile to approximately

0.75 V1_opr by using a step doping profile in the body.
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Fig. 4 The step doping profile and the hyper-retrograded doping
profile.

Thus for the same Vi opp larger AVt can be obtained.
Though an ideal step doping profile is difficult to
achieve, recently several processing technologies have
been developed for MOSFET substrate engineering to
create hyper-retrograded (delta) doping profiles for
improving short-channel effect, such as Atomic-Layer
Doping and Post Low-Energy Implanting Selective
Epitaxy[6]. These processing technologies can create
hyper-retrograded vertical profiles that the doping
concentration at the Si/SiO, interface can be more than
one order magnitude lower than the peak concentra-
tion in the body within a small distance. Simulations
results using these delta-doping profiles are shown in
Fig. 5. Note that a straight line relation between Vp
and Vpp (Vg) as predicted by (2) is not achieved due
to the difference between the hyper-retrograded dop-
ing profile and an ideal step profile.

With the desirable Vi gps The threshold voltage
change AV can be further increased by placing a

counter-doped layer below the channel and above
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Fig. 5 MOSFET device threshold voltage as a function of the
forward body bias for several different channel doping engi-
neerings.

hyper-retrograded substrate as seen in Fig. 6. A one-
dimensional analysis on simplified step doping pro-
files shown in Fig. 6 is used to explain and to gain
insight of the function of the counter-doping layer in
device operation. A thin counter-doped layer can be
totally-depleted by the flat-band voltage and the built-
in potential. The total depletion charge, which
includes the depleted counter-doped layer and the
depleted substrate, determines the off-state threshold
voltage of accumulated-channel DTMOS.  Since
higher substrate concentration is used to set the desir-
able Vrops the short-channel effect might also be
improved. When the device starts to turn on, the
inversion layer at the interface is formed as well as the
flat-band voltage is reduced by the body bias, hence
threshold voltage decreases. Two conditions in chan-
nel charge distribution exist as shown in Fig. 6a,b

when the device is turned on. Fig. 6a differs from Fig.

6b because when the flat-band voltage is reduced, a
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Fig. 6 One dimensional analysis using simplified step profiles
for calculating the on- and off- state threshold voltage of
counter-doped channel MOSFET.

part of the counter-doped layer in Fig. 6a becomes
quasi-neutral and conduct current and the counter-
doped layer in Fig. 6b remained depleted. Therefore
the threshold voltage of counter-doped DTMOS effec-
tively becomes negative. Since the carriers are farther
away from the interface, higher carrier mobility is
expected. This device is essentially a dual-gate device
with a MOS gate on top and a JFET gate at the bottom.
One way to form the desirable doping profile is to
grow selective epitaxy layer on a counter-doped sub-
strate, which results thin counter-doped layer, heavily-
doped substrate and lightly-doped channel. Taking n-
channel MOSFET as example, a high dose implanta-
tion is performed on the substrate to suppress the
short-channel effect. A sacrificial oxide layer is then
grown or deposited on the top of the substrate. A high
dose, low energy implantation through the sacrificial

oxide is used for the counter-doped layer. The shallow
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Fig. 7 TSUPREM4 simulation results of the vertical channel
doping profile using selective epitaxy growth on counter-doped
substrate.

counter-doped layer is formed by implanting the distri-
bution tail into the silicon substrate. The oxide is then
removed and the selective epitaxy is performed. The
out-diffusion can be minimized if the selective epitaxy
is performed under ultra-high vacuum and lower tem-
perature. We have used TSUPREM4 to simulate the
counter-doped channel doping engineering process.
One example of the output doping profile is shown is

shown in Fig. 7.

SUMMARY

The channel doping engineering scheme for MOSFET
devices whose threshold voltages are adjusted in real
time via body effect is discussed. A hyper-retrograded
channel doping profile exhibits larger threshold volt-
age change than conventional channel doping profile.
A counter-doped channel doping profile exhibit even
more advantage. A simple one-dimensional threshold
voltage model for the counter-doped DTMOS is pre-
sented. The possibility of processing implementation

is suggested. With optimized process, the perfor-
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mance of DTMOS operated at 0.6 V Vpp, can be com-

parable to that of conventional MOSFET operated at 1

V or even higher Vpp, with the same stand-by power

consumption and reduced active power consumption.

REFERENCE

[1] For example, D. Takashima, S. Watanabe, H. Nakano, Y.
Oowaki, K. Ohuchi, and H. Tango, “Standby/Active Mode
Logic for Sub-1V Operating ULSI Memory,” IEEE Journal of
Solid State Circuits, VOL. 29, NO. 4, p. 441, April, 1994.

[2] A. P. Chankrakasan, A. Burstein, and R. W. Broaderson, “A
Low-Power Chipset for a Portable Multimedia 1/O Terminal,
IEEE Journal of Solid State Circuits, VOL. 29, NO. 12,p. 1415,
December, 1994.

[3] M. Horowitz, T. Indemaur, and R. Gonzalez, “Low-Power
Digital Design,” 1994 IEEE Symposium on Low-Power Elec-
tronics Digest of Technical Papers, p. 8.

[4] E. Assaderaghi, S. Parke, P. Ko, and C. Hu, “A Novel Sili-
con-on-Insulator MOSFET for Ultra Low Voltage Operation,”
1994 IEEE Symposium on Low-Power Electronics Digest of
Technical Papers, p. 58.

[5] T. Andoh, A. Furukawa, and T. Kunio, “Design Methodol-
ogy for Low-Voltage MOSFETs,” IEDM Technical digest, p.
79.

[6] K. Noda, T. Uchida, T. Tatsumi, T. Aoyama, K. Nakajima,
H. Miyamoto, T. Hashimoto, and 1. Sasaki, “0.1um Delta-
Doped MOSFET Using Post Low-Energy Implanting Selective
Epitaxy,” 1994 Symposium on VLSI Technology Digest of Tech-
nical Papers, p. 19.

ACKNOWLEDGEMENT
H. Wann wishes to acknowledge the support of IBM fellowship.



