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The impact of the number and position of discrete dopants on device characteristics is crucial in
determining the behavior of nanoscale semiconductor devices. This study explores
discrete-dopant-induced characteristic fluctuations in 16 nm single-, double-, triple-, and (square
shape) surrounding-gate silicon-on-insulator (SOI) devices. Discrete dopants are statistically
positioned in the three-dimensional channel region to examine associated carrier transportation
characteristics, concurrently capturing “dopant concentration variation” and “dopant position
fluctuation.” An experimentally validated simulation was conducted to investigate the threshold
voltage (Vy,) fluctuation and the variation of the on- and off-state currents of the four explored
structures. The fluctuations of Vi, of the double-, triple- and surrounding-gate devices are 2.2, 3.3
and 4 times smaller, respectively, than that of planar SOI. Results of this study provide further
insight into the problem of fluctuation and the mechanism of immunity against fluctuation in
ultrasmall field effect transistors (FETs) with vertical channel structures, such as fin-typed FETs.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2801013]

I. INTRODUCTION

Ion implantation, diffusion, and thermal annealing in-
duce significant random fluctuations in the electrical charac-
teristics in nanometer metal-oxide-semiconductor field effect
transistors (MOSFETSs). Various randomness effects have re-
cently been investigated both experimentally and
theoretically.l_20 Fluctuations of characteristics are caused
not only by a variation in the average doping density, which
is associated with a fluctuation in the number of dopants, but
also with the particular random distribution of dopants in the
channel region. Fluctuations are particularly pronounced
when the spatial scale of doping and oxide thickness varia-
tions becomes comparable with the dimensions of
devices.''*?° The International Roadmap for Semiconduc-
tors has forecasted a transition from conventional bulk de-
vices to silicon-on-insulator (SOI) devices and then to
multiple-gate SOIs as high-performance devices.”' Accord-
ingly, nanoscale devices with vertical channel structures,
such as double-, triple-, and surrounding-gate fin-type field
effect transistors (FinFETSs), are of great interest.”>>* How-
ever, channel doping must be employed to alter the threshold
voltage in today’s semiconductor manufacturing processes.
Consequently, characteristic fluctuation that is induced by
discrete dopants is important in these nanoscale MOSFETs,
which have fascinating structures. Diverse approaches, such
as small-signal analysis,lo_12 drift diffusion,"*™" and Monte
Carlo simulation,'®™"® have recently been reported to study
variation- and fluctuation-related issues in semiconductor de-
vices. Unfortunately, the effect of the number and position of
discrete dopants on the characteristics of the aforementioned
devices has not been clearly investigated.

This study explores the discrete-dopant-induced charac-
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teristic fluctuations in 16 nm single-, double-, triple-, and
surrounding-gate SOI devices. The discrete dopants are sta-
tistically positioned in the three-dimensional (3D) channel

1.48x10"'%cm™2
758 dopants in
(80nm)? cube

e

0 dopants in a
(16nm)3 cubg

’6"")

Wug,

14 dopants in a
(16nm)? cube

e T

3
£
2
£ -\
g ' e
g SR
2
0
© Dopants in (16nm3) Cube @ 16nm
T°P'?at° Top-Gate
4 /J
Source rain
Bottom-Gate
(e) ®
Top-Gate Lateral-Gate
4
Lateral-Gate
Source 3 Drain ﬂ/ J/
Insulator Lateral-Gate ;:ttom ;;ate
® ()

FIG. 1. (Color online) (a) Discrete dopants randomly distributed in 80 nm?
cube with the average concentration of 1.48 X 1018 cm™>. There will be 758
dopants within the cube, but dopants vary from O to 14 (the average number
is 6) within its 125 subcubes of 16 nm? [plots of (b)—(d)]. These 125 sub-
cubes are then equivalently mapped into device’s channel region corre-
sponding to (e) single gate, (f) double gate, (g) triple gate, and (h) (square
shaped) surrounding gate for the dopant position/number-sensitive 3D
simulation.

© 2007 American Institute of Physics
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FIG. 2. (Color online) Comparison of the on-state potential contours [(b) and (b’)], the current density distributions [(c) and (c’)], the electric field [(d) and
(d’)], the electron velocity [(e) and (e)], and the electron temperature [(f) and (f')] of the (a) the nominal case and (a’) discretely doped cases. The potential
spikes (marked as A, B, and C) in (b’) are induced by corresponding dopants in (a’). All cross-sectional plots of the on-state current density distributions and

off-state potential contours are extracted at 1 nm below the top-gate oxide.

region to investigate associated carrier transportation charac-
teristics, concurrently capturing “dopant concentration varia-
tion” and “dopant position fluctuation.” A statistically sound
3D ““atomistic” device simulation is conducted using parallel
computing systern.zsf27 Based on statistically generated
large-scale doping profiles, each device simulation is per-
formed by solving a set of 3D hydrodynamic equations27_3 0
with quantum corrections by the density gradient
method.*'* In atomistic device simulation, the resolution of
individual charges within a conventional drift-diffusion
simulation using a fine mesh creates problems associated
with singularities in the Coulomb potential.35’36 Thus, the
density gradient approximation is used to handle discrete
charges by properly introducing the related quantum me-
chanical effects.** The intrinsic physical variation and char-
acteristic fluctuations of the four studied devices are exam-
ined, and the mechanisms of fluctuation and immunity are
also discussed. We notice that so far the fluctuations in de-
vice properties under various structures are limited to either
drift diffusion or Monte Carlo simulations. And so the
present work is unique. This article is organized as follows.
Section II describes the analytic technique. Section III dis-
cusses the results and mechanism of discrete-dopant-induced
fluctuation. Finally, conclusions are drawn.

Il. STRUCTURE AND SIMULATION

The nominal channel doping concentration of these de-
vices is 1.48 X 10'® cm™. They have a 16 nm gate and a gate
oxide thickness of 1.2 nm. Outside the channel, the doping
concentrations in the source/drain and background are 1.2
X 10%° and 1X 10'® cm™3, respectively. For the channel re-
gion, to consider the effect of a random fluctuation of the
number and location of discrete channel dopants, 758 dop-
ants are first generated in an 80 nm® cube, in which the
equivalent doping concentration is 1.48X10'® cm™, as
shown in Fig. 1(a). The 80 nm? cube is then partitioned into
125 subcuboids of 16 nm?. The number of dopants may vary
from O to 14 and the average number is 6, as displayed in
Figs. 1(b)-1(d). These 125 subcubes are then equivalently
mapped into the channel region of the device for discrete
dopant simulation, as shown in Figs. 1(e)-1(h). All statisti-
cally generated discrete dopants are incorporated into the
large-scale 3D device simulation, which is conducted using a
parallel computing system.zsf27 According to this analyzing
scenario, only channel dopants are treated discretely. The
doping concentrations remain continuous in the source/drain
region because the concentration of source/drain dopants is
two orders of magnitude greater than that of channel dop-
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FIG. 3. (Color online) The I,,-V,; characteristics of the 500 discrete-dopant
16 nm single- and multiple-gate SOI devices, where the solid lines indicate
the nominal case and the dashed lines indicate the discretely doped cases.

ants. However, with this respect the present simulations only
give qualitative results. Nevertheless, this approach allows us
to focus on the study of characteristic fluctuations induced by
the randomness of the number and position of dopants in the
channel simultaneously. The statistically sound 3D atomistic
device simulation technique is also computationally cost ef-
fective. The accuracy of the simulation technique was con-
firmed by comparing simulated fluctuation results with mea-
surements of experimentally fabricated 20 nm devices
elsewhere.'” The threshold voltage of the four devices is ad-
justed by modulation of the work function and calibration to
350 mV in a unified study of characteristic fluctuations of
the devices of interest.

lll. RESULTS AND DISCUSSION

This section initially discusses the physical fluctuations
that are induced by discrete dopants, and then the character-
istic fluctuations and mechanism of immunity against fluc-
tuations of multiple-gate SOI devices are studied."”*® The
3D hydrodynamic model”’ " with quantum corrections by
the density gradient method® ™ is numerically solved to ob-
tain the device properties, where the energy relaxation time
for electrons and holes are 0.1 and 0.08 ps in both continu-
ous and discrete dopant cases.”’ An energy-dependent mobil-
ity model is further adopted in the device simulations.™

Discrete-dopant-induced fluctuations, caused by local
potential spikes, are determined by the corresponding dop-
ants within the device channel. The potential spike alters not
only the electric field and current conducting path but also
the electron velocity, carrier mobility, and electron tempera-
ture distribution. Figure 2 depicts, for example, discrete-
dopant-induced fluctuations of a triple-gate SOI transistor.

J. Appl. Phys. 102, 084509 (2007)
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FIG. 4. (Color online) The on-off state current characteristics of the 500
discrete-dopant 16 nm single- and multiple-gate SOI devices. (a) Compari-
son between the single- and double-gate devices. (b) Comparison among the
double-, triple-, and surrounding-gate devices.

All cross-sectional plots of the distributions of the on-state
current density and the contours of the off-state potential are
extracted 1 nm below the top-gate oxide. Figures 2(a) and
2(a") refer to the nominal case (continuous doping is as-
sumed) and the discretely doped case, respectively. The on-
state potential contour and current density distribution of the
discretely doped case, shown in Figs. 2(b’) and 2(c’), are
investigated to elucidate the effect of discrete dopant on the
potential and current distribution of the device. The potential
spikes in Fig. 2(b") are associated with the corresponding
dopants (spikes A, B, and C) in Fig. 2(a’). The potential
distribution near spike C does not vary significantly with the
structure of the triple gate, which will be discussed in Sec.
IV. Comparison of Figs. 2(c) and 2(c’) reveals that the cur-
rent conducting path is disturbed and impeded by dopants in
the channel. Changing the number and position of discrete
dopants in the channel causes a significant potential variation
and change in current. The current may avoid the high po-
tential barrier region and pass through the valley between
two potential spikes (such as spikes A and B). Additionally,
the local field distribution, shown in Fig. 2(d"), is also per-
turbed significantly by discrete dopants. In the on-state con-
dition (the gate voltage V;=1 V; the drain voltage V,
=1 V), since the potential distribution near the dopant is
relatively negative in the channel, the dopant acts as a center
of a whirlpool-like electric field to repel electrons. As elec-
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FIG. 5. (Color online) (a) Comparison of V,, fluctuation of the 16 nm
single- and multiple-gate SOI MOSFETs. (b) Plots of the standard deviation
(SD) and the maximum difference of V,, with respect to different gate
number.

trons drift from source to drain, some of them encounter a
negative electric field that is induced by the dopant. The
lateral electric field between the source and the drain, com-
bined with the repulsion of the dopants, twists the electron
field and increases the electron velocity near the dopant, as
shown in Figs. 2(e) and2(e’). This phenomenon explains
why the distribution of the electron velocity remains the
same to the left of the dopants at device’s source. The fluc-
tuation in the electron velocity also indicates a fluctuation of
the distribution of electron temperatures, as plotted in Figs.
2(f) and 2(f").

The characteristic fluctuations of multiple-gate SOI de-
vices are also investigated. Figure 3 plots fluctuations of
Ip-Vi for single- and multiple-gate SOI devices. The solid
lines represent the nominal case and the dashed lines repre-
sent the discretely doped cases. The spread of the -V
curves shows the magnitude of the current fluctuation that is
induced by discrete dopants. The average over all Ip-Vg
characteristics of discrete cases do not coincide with the
nominal case due to the discrete-dopant-position induced
characteristic fluctuation.* The characteristics of the aver-
aged discrete cases would nearly coincide with the nominal
case for the smaller fluctuation of device with larger

J. Appl. Phys. 102, 084509 (2007)
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FIG. 6. (Color online) Plots of the on-state potential and 3D electric field
distribution of the 16 nm SOI MOSFET with the (b) single- (c) double-, (d)
triple-, and (e) surrounding-gate structure. The cross-sectional plots of the
on-state potential distributions are extracted along the center of the device’s
channel, as shown in (a).

dimension.*' The result shows that the single-gate device ex-
hibits much larger current fluctuations than the multiple-gate
devices. Figure 4 plots the corresponding on- and off-state
current characteristics. For cases with similar on-state cur-
rents (I,,), the maximum fluctuation of the off-state current
(Ig) declines as the number of gates increases; moreover,
the maximum fluctuation of I in multiple-gate devices
is within 20 nA/um, whereas the planar device (with a
single gate) exhibits a much larger fluctuation of
I (>2000 nA/um). Figure 5(a) statistically compares the
threshold voltage fluctuations of the aforementioned devices.
As expected, the multiple-gate device exhibits better immu-
nity against fluctuation and the magnitude of the V,;, fluctua-
tion (both standard deviation and difference between maxi-
mum and minimum Vy, declines as the number of gates
increases, as plotted in Fig. 5(b). The standard deviations
(SD) of single-, double-, triple-, and surrounding-gate de-
vices are 102, 46.2, 30.9, and 25.5 mV, respectively. Calcu-
lations demonstrate that the fluctuations of Vy;, of the double-,
triple-, and surrounding-gate devices are 2.2, 3.3, and 4 times
smaller, respectively, than that of the planar SOI device. The
equivalent channel doping concentration increases with the
dopant number, substantially altering V,;,, as shown in Fig.
5(a), and the on- and off-state currents, as plotted in Fig. 3.
The magnitude of spread increases as the number of dopants
increases. The discrete-dopant-position affects the fluctuation
of characteristics in a different manner for a fixed number of
dopants.

The mechanism of immunity of single- and multiple-
gate devices against fluctuation is studied with reference to
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FIG. 7. (Color online) Plots of the on-state current density distributions
[(a)—~(d)] and the off-state potential contours [(a’)—(d’)] of the 16 nm SOI
MOSFETs: [(a) and (a’)] single gate, [(b) and (b’)] double gate, [(c) and
(c")] triple gate, and [(d) and (d’)] surrounding-gate. The potential spikes in
(a’)—(d") are induced by corresponding dopants in channel [spikes A, B,
and C shown in (a)]. The height of potential spikes is decreased as gate
number is increased. All cross-sectional plots of the on-state current density
distributions and off-state potential contours are extracted at 1 nm below the
top-gate oxide.

the extracted physical quantities. Figures 6(b)—6(e) plot the
on-state potential along the center of the device’s channel,
shown in Fig. 6(a), and display 3D electric fields of single-,
double-, triple-, and surrounding-gate devices, respectively.
The potential and electric field of multiple-gate devices are
more uniform than those of the planar device because the
channel controllability is better than that of a planar device
for a large gate-coverage ratio. Figure 7 compares the on-
state current density, plotted in Figs. 7(a)-7(d), and the con-
tour of the off-state potential, shown in Figs. 7(a’)-7(d"), for
the 16 nm single-, double-, triple-, and surrounding-gate SOI
devices, respectively. All cross-sectional plots of the on-state
current density and the off-state potential are 1 nm below the
top-gate oxide. As the gate-coverage ratio is increased, the
on-state current density is increased and the heights of off-
state potential spikes [A, B, and C in Fig. 7(a)] are reduced.
The lateral-gate structure of triple- and surrounding-gate de-
vices effectively suppresses the potential (spike C) and then
increases the on-state current at the lower side of the chan-
nel, shown in Figs. 7(c) and 7(d). The lateral-gate of
multiple-gate intrinsically enhances the controllability of
dopant-induced fluctuations near the sidewall of the channel
surface. It also accounts for why spike “C” in Fig. 2(a’) has
a weaker influence on the potential distribution than spike

J. Appl. Phys. 102, 084509 (2007)
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FIG. 8. (Color online) Plots of the lateral- [(a)—(d)] and bottom-gate
[(a")—(d")] on-state current density distributions of the 16 nm devices [(a)
single gate, (b) double gate, (c) triple gate, and (d) surrounding gate]. All
cross-sectional figures are extracted 1 nm below the lateral- and bottom-gate
oxides.

“B.” Figure 8 shows the lateral- and bottom-gate on-state
current densities of the structures. Similarly, all cross-
sectional plots are obtained 1 nm below the lateral- and
bottom-gate oxides. Once current paths are impeded by dis-
crete dopants on parts of channel surface, the well-gate-
controlled multiple-gate structure bridges alternative con-
ducting paths to prevent a significant fluctuation of the
conduction current. Thus, the benefit of the superior vertical
channel structure is that multiple-gate devices suppress po-
tential fluctuation and provide a more stable conduction cur-
rent than the planar device. As a result, the immunity against
fluctuation in multiple-gate SOI devices results mainly from
the uniform potential distribution and the fact that the current
conduction area (multiple paths) is larger than that of a pla-
nar SOI device.

IV. CONCLUSIONS

This study investigated discrete-dopant-induced physical
and electrical characteristic fluctuations in 16 nm FETs with
various vertical channel structures using a 3D ‘“‘atomistic”
hydrodynamic simulation with quantum corrections by the
density gradient method. Physical fluctuations, electrical
characteristic fluctuations, and mechanism of immunity
against fluctuations of multiple-gate SOI devices are studied.
Under the same Vy, for the four explored devices, multiple-
gate devices provide a more uniform potential within the
channel of the device and stabilize the current flow. The fluc-
tuations of Vy, of double-, triple-, and surrounding-gate SOI
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MOSFETs are 2.2, 3.3, and 4 times smaller, respectively,
than that of the planar SOI device. An insight into the intrin-
sic fluctuation and the mechanism of immunity against fluc-
tuation in multiple-gate SOI devices has been provided.
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