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Abstract — We have numerically simulated device char-
acteristics of sub-10nm gate length bulk n-MOSFETSs
with various doping profiles, using a quantum transport
simulator based on a non-equilibrium Green’s function
method. Comparing the simulated results, we study ef-
fects of the doping profile on the device characteristics.
The simulation study reveals that the off-set doping pro-
files in the source/drain regions play an important role in
controlling the direct source-to-drain tunneling current.

1 Introduction

The device dimensions of MOSFETSs have been shrunk into
deep sub-100 nm regime. At the research level, several sub-
10nm gate length MOSFETSs have been reported [1-3]. In
recent years, non-conventional multiple-gate MOSFETS [4—
6], such as double-gate SOI MOSFETs and FinFETs, have
received great attention for their significant suppression of
the short channel effects. The normal operation of sub-
10 nm planar bulk-MOSFETSs have, however, been reported
[1]. Thus, nano-scale planar bulk-MOSFETs will still be
one of the key components in future ULSI systems.

In nano-scale MOSFETSs, quantum mechanical effects,
such as direct source-to-drain (SD) tunneling and subband
quantization effects along the gate confinement direction,
influence the carrier transport properties. Especially, the di-
rect SD-tunneling current, which greatly increases in short
channel length devices, directly degrades the sub-threshold
characteristics. In bulk-MOSFETs, well-designed doping
profiles may overcome the degradation of the sub-threshold
characteristics because the transport properties are signifi-
cantly affected by the doping profile. In order to design the
doping profiles of nano-scale MOSFETs, it is essential to
simulate the device characteristics within a quantum trans-
port method. In the present study, we have performed a
quantum transport simulation based on a non-equilibrium
Green’s function (NEGF) method [7-9], which can naturally
handle the quantum mechanical effects with open boundary
conditions. By comparing simulated results of devices with
a variety of doping profiles, we study effects of the dop-
ing profile on the device characteristics in sub-10nm bulk-
MOSFETs.

2 Simulation Method and Device Structure

We have simulated transport characteristics of the devices
shown in Fig. 1. We define the x- and the z-direction as
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the source-drain direction and the gate confinement direc-
tion, respectively. Along the channel width direction, the
system is assumed to be uniform and the periodic bound-
ary condition is applied. We have self-consistently solved
NEGEF transport equations based on a coupled-mode space
method [7, 8] and the two-dimensional Poisson equation. In
solving the NEGF transport equations, we neglect scatter-
ings and assume the ballistic transport condition. The Pois-
son equation is solved with the Dirichlet boundary condition
for the gate region and the Neumann boundary condition for
other regions. Semi-infinite equilibrium reservoirs are as-
sumed to be connected at the edges of the source/drain re-
gions. The Fermi levels of the source/drain reservoirs are
determined by the applied source/drain voltage. The Fermi
level of the source reservoir, ES, is set to be 0eV.

Doping profile of the simulated device is given by the
formulae for the well-tempered bulk Si n-MOSFETs [10].
The n- and p-type doping profiles, n(x,z) and p(x, z), are
written as

n(x,2) = np X [fu(x = x) + fulxe = )] X gu(2), (1)
P(x,2) = po X [ fo(x = x0) + fylxe = 0)| X 8,2, (2)

where x, is the x-coordinate of the center of the gate. ny and
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Figure 1: Schematic diagram of the device structure and the
doping profiles. ng and py are the peak doping concentrations. /"
and ,u;'/ P are the centers of the Gaussian distributions along the x-
and the z-direction, respectively. The half-Gaussian distributions

are assumed along the x-direction.



Ppo are the peak doping concentrations of the n- and p-type
regions, respectively. f,/,(x) and g,/,(z) are the distribution
functions defined by
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Here, 1"/” is the center of the half-Gaussian distribution

along the x-direction and u;'/ P is the center of the Gaussian
distribution along the z-direction. The constant distribution
is assumed for [x — x| > £/?. /" and ¢"/” represent the
standard deviations of the distribution along the x- and the z-
direction, respectively. Changing these doping parameters,

we simulated devices with various doping profiles.

3 Results and Discussion

Figure 2 shows the calculated /,-V, characteristics of 9nm
gate length MOSFETs at V; = 0.4V. Thickness of the
gate oxide (SiO;) layer is 0.93 nm and the gate electrode is
assumed to be n-type poly-Si. The doping profile parameters
are ng = 2.0 x 10%cm™, py = 8.0 x 10 cm=, y* =
4.5nm and i = pf = Onm. The p-type doping center
along the x-direction, ufi , 1s varied from 0.5nm to 5.5 nm.
Other parameters are o = 0.67nm, o = 1.33nm and
o = o = 9.0nm. The doping concentration of the p-type
substrate is 10!” cm™3. As shown in Fig. 2, the sub-threshold
characteristics becomes better for smaller pf. The drive
current is, however, very small for smaller u2. This is due
to strong confinement at the channel region caused by high
p-type doping concentrations for smaller 2. The left panel
of Fig. 3 shows the lowest subband energy profiles along the
x-direction at the off-state (V, = 0V). For smaller 4%, the
channel barrier becomes high enough for sufficiently small
off-current, although this high channel barrier significantly
reduces the on-current.

Figure 4 shows 1;,-V, curves of the same devices as Fig. 2
but with a constant 4 = 3.5nm and various u" ranged
from 2.5nm to 6.5 nm. Trade-off relationship between the
sub-threshold and the on-current characteristics can be seen
in Fig. 4. In the right panel of Fig. 3, where the off-state
lowest subband profiles for each u%f are plotted, we see that
(% affects not only the hight of the channel barrier but also
the barrier thickness. As a result, pf influences the device
characteristics more significantly than z?.

To find out what doping profiles are suitable for sub-
10nm bulk-MOSFETs, we have simulated u/} dependence
of device characteristics with a fixed off-current I,g =
5A45puA/um at V, = OV. I,z = 5.45uA/um is obtained
in the device with ¢/f = 4.5 nm and u; = 3.5 nm as shown in
Figs. 2 and 4, and the parameter 4 is adjusted to obtain this
value for each devices with varied y}. Other parameters are
the same as those used in Figs. 2 and 4. In Fig. 5, 1/ depen-
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Figure 2: Simulated 1,-V, curves of 9 nm gate length MOSFETs
with g = 45nm and pf = 05-55nm at V;, = 04V. At
V, = 0V, the off-current is I,¢ = 5.45uA/um for i} = 4.5nm
and yf = 3.5nm.

dence of the sub-threshold slope is plotted by closed circles.
It can be seen that the sub-threshold slope is 150 mV /dec at
M7 = 9.5nm and it degrades to 260mV /dec at yf = 3.5nm.
This degradation of the sub-threshold slope can be attributed
to the direct SD-tunneling current. Figure 6 shows u/f depen-
dence of the SD-tunneling current ratio to whole drain cur-
rent (closed circles) and effective channel length (open cir-
cles) at V, = 0V. Here, we define the SD-tunneling current
as the current component having the energy region below
the maximum subband energy, E,, and the effective chan-
nel length as the width of the channel barrier at the energy
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Figure 3: Lowest subband energy profiles at V, = 0V for
the devices with ¢ = 4.5nm and gf = 0.5-5.5nm (left), and
" =2.5-6.5nm and ¥ = 3.5nm (right). Dotted line represents
the Fermi energy of the source reservoir.



of (Ewop — Esource)/2 With Egource being the subband energy
at the source edge. For smaller y, it is found that the SD-
tunneling current dominates the off-state device characteris-
tics with very short effective channel length. For example,
at 4% = 3.5 nm, the effective channel length is 4 nm, and the
tunneling current ratio exceeds 80 %. On the other hand,
the tunneling current ratio is only 10 % at ¢} = 9.5 nm with
12 nm effective channel length. Thus, in sub-10 nm MOS-
FETs, off-set doping profiles of u! > Lg/2 is required in
order to reduce the degradation of the sub-threshold charac-
teristics.

Figure 5 shows p/f dependence of the sub-threshold slope
for o = 11nm and 4! = 12nm (open squares) and for
o = 7.0nm and zf = 8.0nm (open triangulars). It can be
seen from Fig. 5 that almost the same sub-threshold slope
is obtained for larger uf, although a better sub-threshold
slope is obtained in devices with smaller o} and smaller .
Aty = 3.5nm, the sub-threshold slopes are 220 mV/dec
for o7 = 7.0nm, 260mV/dec for 07 = 9.0nm, and
290mV/dec for o} = 11nm. In the device with smaller
o7, the p-type doping concentration becomes relatively high
at around the source/channel and the channel/drain bound-
aries due to the low n-type doping densities of the source
and the drain regions. Thus, for smaller o7, the devices has
less SD-tunneling current because the channel barrier rises
and falls down a little closer to the source/drain regions.
For instance, the SD-tunneling current ratios are 90 % for
o} = 11nm, 84 % for o7} = 9.0nm and 77 % for o} = 7.0nm
at 1} = 3.5nm. Note that this slight difference of the chan-
nel barrier around the source/channel and the channel/drain
boundaries less affects for larger u”? because of the long ef-
fective channel.

Figure 7 shows the on-current, I, at V, = V4 = 04V
as a function of y} for 7 = 11nm (open squares), 7 =
9.0nm (closed circles), and o7 = 7.0 nm (open triangulars).
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Figure 4: Simulated 1,~V, curves of the devices with ¢ = 3.5nm
andpyf =2.5-6.5nmatV, =04V.
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Figure 5: y" dependences of the sub-threshold slope of devices
with o = 11nm and ¢ = 12nm (open squares), o = 9.0 nm and
2 = 10nm (closed circles), and o7 = 7.0nm and p? = 8.0nm
(open triangulars). The parameter u% is adjusted to obtain I,g =
5.45 uA/um at V, = 0V (see Fig. 2).
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Figure 6: u” dependence of the SD-tunneling current ratio (closed
circles) and the effective channel length (open circles) for o =
9.0nm and f = 10nm at V, = 0 V. Dotted line indicates the gate
length L, = 9.0 nm.

From Fig. 7, we see that /,, becomes maximum at u? =
6.5nm, and the maximum I,,//, ratios of 50, 54 and 57
are achieved for o7 = 11, 9.0, and 7.0nm, respectively.
For smaller g, a high channel barrier with high p-type
concentrations at the channel region is required in order to
obtain the fixed off-current I, = 5.45 uA/um because of
the large SD-tunneling current. As a result, effects of the
subband channel barrier lowering by the gate electric field
are less significant than that in the device with larger u/} at
the on-state. As seen in Fig. 8, where we plot Eyop versus gy
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Figure 7: y" dependence of I, at V, = 0.4V of the devices with
o? = 11nm (squares), o7 = 9.0nm (circles), and o7 = 7.0nm
(triangulars). The parameter y is adjusted so as to obtain I,g =
5.45uA/pymatV, =0V.
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Figure 8: The maximum energies of the channel barrier, E,
versus uy at the on-state (V, = 0.4 V). Doping parameters are the
same as those in Fig. 7. Dotted line represents Eﬁ =0eV.

at V, = 0.4V, the channel barrier remains high for smaller
. For the same reason, lager I, is obtained for smaller
o7. On the other hand, for larger y, because the effective
channel length becomes longer than L, = 9.0 nm as shown
in Fig. 6, there are some parts of the channel barrier region
which cannot be controlled by the gate electric field. This
gate uncontrollable channel barrier suppresses E,p lowering
at the on-state, resulting in degradation of the on-current
characteristics.
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4 Conclusion

‘We have investigated the doping profile effects on the device
characteristics of sub-10nm gate length bulk n-MOSFET
by performing the NEGF transport simulation of bulk-
MOSFETs with various doping profiles. We find that n-type
offset doping for source/drain regions can significantly sup-
press the SD-tunneling current. The reduction of the SD-
tunneling current by the off-set doping profile is effective
to achieve large I,,/lo¢ ratio. However, excessive off-set
n-type doping degrades the on-current characteristics due
to the existence of the gate uncontrollable channel barrier.
Consequently, the best device characteristics have been ob-
tained for the 4y = 6.5 nm off-set doping profile in the sim-
ulated L, = 9.0nm bulk n-MOSFETs. We also find that
the device characteristics can be improved by the shallow
doping profile, although the difference of the doping profile
along the z-direction have little effects on the device charac-
teristics of ultra-small devices.
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