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Abstract- Modeling of device variability is crucial for the
accuracy of timing in circuits and systems, and the stability
of high-frequency application. Unfortunately, due to the
randomness of dopant position in device, the fluctuation of
device gate capacitance is nonlinear and hard to be
modeled in current compact models. Therefore, a large-
scale statistically sound “atomistic” device/circuit coupled
simulation approach is proposed to characterize the
random-dopant-induced characteristic fluctuations in 16-
nm-gate CMOS integrated circuits concurrently capturing
the discrete-dopant-number- and discrete-dopant-position-
induced fluctuations. The variations of transition time of
digital circuit (inverter, NAND, and NOR gates) and high-
frequency characteristic of common-source amplifier are
estimated. For the digital circuits, the function-dependent
and circuit-topology-dependent characteristic fluctuations
resulted from random nature of discrete dopants is for the
first time discussed. This study provides an insight into
random-dopant- induced intrinsic timing and high-
frequency characteristic fluctuations. The accuracy of the
simulation technique is confirmed by the use of
experimentally calibrated transistor physical model.
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. INTRODUCTION

Silicon-based devices are scaled down continually in
order to increase density and speed. The gate lengths of
scaled  metal-oxide-semiconductor ~ field  effect
transistors (MOSFETSs) have been the sub-30 nm for 45
nm node high-performance circuit design [1]. The
devices with sub-10-nm-gate lengths have been
currently investigated [2,3]. For state-of-art nanometer
scale (nanoscale) circuit and system, the local device
variation and uncertainty of signal propagation time are
crucial for the study of system timing variability [4,5].
Also, the signal propagation time determines the speed
of clock. As for the high-frequency circuit and system

using state-of-art nanoscale transistors, a cutoff
frequency higher than 200 GHz have been
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experimentally measured [6]. Yield analysis and
optimization, which take into account the manufacturing
tolerances, model uncertainties, variations in the process
parameters, etc., are known as indispensable
components of the circuit design methodology [7].
Unfortunately, the attention is seldom drawn to the
existence of timing and high-frequency characteristic
fluctuations of active device due to random dopant
placement. With device scaling, various randomness

effects resulting from the random nature of
manufacturing process, such as ion implantation,
diffusion, and thermal annealing, have induced

significant fluctuations of electrical characteristics in
nanoscale MOSFETs. The number of dopants is of the
order of tens in the depletion region of a nanoscale
MOSFET, whose influence on device characteristic is
large enough to be distinct [8]. Various random dopant
effects have been recently studied in both experimental
and theoretical approaches [8-26]. Fluctuations of
characteristics are caused not only by a variation in an
average doping density, which is associated with a
fluctuation in the number of impurities, but also with a
particular random distribution of impurities in the
channel region. Diverse approaches have recently been
reported to study fluctuation-related issues in
semiconductor devices [9-21] and circuit [22-26].
However, due to the randomness of dopant position in
device, the fluctuation of device gate capacitance is
nonlinear and hard to be modeled in current compact
models [26]. The effect of the discrete dopants induced
timing and high-frequency characteristic fluctuations on
nanoscale MOSFET circuit have not been well
investigated yet.

In this paper, a statistically sound “atomistic”
device/circuit mixed-mode simulation approach is thus
employed to analyze the discrete-dopant-induced high-
frequency characteristic fluctuations in nanoscale
MOSFET circuit, concurrently capturing ‘“dopant



concentration  variation” and “dopant position
fluctuation”. The statistically generated large-scale
doping profiles are similar to the physical process of ion
implantation and thermal annealing. Based on the
statistically (totally randomly) generated large-scale
doping profiles, device simulation is performed by
solving a set of three-dimensional (3D) drift-diffusion
equations with quantum corrections by the density
gradient method [27,28], which is conducted using a
parallel computing system [29,30]. In estimation of the
timing and high-frequency characteristic fluctuation, to
capture the nonlinearity of gate capacitance fluctuation
and pursuing higher accuracy [31], a device/circuit
coupled simulation [32,33] with discrete dopant
distribution is conducted to examine the associated high
frequency characteristic fluctuations of circuit, which
concurrently considers the discrete-dopant-number- and
discrete-dopant-position-induced  fluctuations.  The
accuracy of developed analyzing technique has been
quantitatively verified in the experimentally measured
characteristics of sub-20 nm devices [10-15].

The paper is organized as follows. In Sec. 2, we
introduce the proposed large-scale statistically sound
“atomistic” simulation approach for studying the
random dopants effect in nanoscale device and circuit.
In Sec. 3, we examine the discrete-dopant-induced
device-level and circuit-level fluctuations for the 16 nm
MOSFET circuit. The fluctuations of transition time and
high-frequency characteristics are discussed. Finally, we
draw conclusions and suggest future works.

II. THE STATISTICAL-SOUND APPROACH FOR LARGE-
SCALE ATOMISTIC DEVICE AND CIRCUIT SIMULATION

The nominal channel doping concentration of the
srdued devices is 1.48x10" cm™. They have a 16 nm
gate, a gate oxide thickness of 1.2 nm. In bulk
MOSFETs, the characteristic fluctuation is dominated
by channel dopants, and the additional effect resulted
from source and drain dopants is usually small [21].
Therefore, we only treat the channel dopants discretely.

Figure 1 illustrates the developed simulation flow of
the proposed approach. To consider the effect of
random fluctuation of the number and location of
discrete channel dopants in channel region, 758 dopants
are firstly randomly generated in a 80 nm’ cube, in
which the equivalent doping concentration is 1.48x10'®
cm™ (corresponding to the nominal channel doping
concentration), as shown in Fig. 1(a). The 80 nm’ is
then partitioned into sub-cubes of 16 nm’. The number
of dopants may vary from zero to 14, and the average
number is six, as shown in Figs. 1(b), 1(c) and 1(d).
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These sub-cubes are then equivalently mapped into the
channel region of the device for the 3D device
simulation with discrete dopants, as shown in Fig. 1(e).
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Fig. 1. (a) Discrete dopants randomly distributed in the 80 nm® cube
with the average concentration of 1.48x10'® ¢cm™. There will be 758
dopants within the cube, but dopants may vary from zero to 14 (the
average number is six) within its sub-cubes of 16 nm®, [(b), (c), and
(d)]. The sub-cubes are equivalently mapped into channel region for
discrete dopant simulation as shown in (e). To study the random-
dopant-induced high-frequency and timing fluctuations in (f)
common-source amplifier and logic gates, a 3D atomistic
device/circuit coupled simulation is performed.

The device simulation is performed by solving a set of
3D density-gradient equation coupling with drift-
diffusion equations [27,28], which is conducted using a
parallel computing system [29,30].
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Fig. 2. DC characteristic fluctuations of (a) Ip-Vg characteristics, (b)
Lon, (¢) Iofr, (d) and Vi, of the discrete dopant fluctuated 16-nm-gate
planar MOSFET. The solid line in Ip-Vg curves shows the
capacitance of the nominal case and the dashed lines are random-
dopant-fluctuated devices.

Figure 1(f) shows the studied common-source
amplifier and the logic gates (inverter, NAND, and
NOR) for high-frequency characteristic fluctuations and
timing variation estimation, respectively. To investigate
the random discrete dopant induced circuit-level
fluctuations, and due to the lack of reasonable compact
model for describing device gate capacitance, a
“atomistic” 3D quantum mechanical simulation of the
device coupling with circuit equations are solved [9-
13,32,33]. The formulated circuit nodal equations of the
tested circuits are directly coupled with aforementioned
device equations and then simultaneously solved for
device/circuit mixed-mode time-domain and frequency-
domain simulation. The input offset voltage of the
common-source amplifier is 0.5 V, and the frequency is
sweep from 1x10® Hz to 1x10'2 Hz. We noted that the
proposed simulation technique is statistical sound and
computationally cost-effective for random dopant
fluctuation characterization. The device mobility and
characteristic fluctuation has been validated with the
experimentally measured DC base band data [10-15] to
ensure the best accuracy.
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III. RESULTS AND DISCUSSION

In this section the device characteristic fluctuations
are investigated. The fluctuations of gate capacitance,
cutoff frequency, and intrinsic gate delay of transistor
are discussed. The circuit characteristics fluctuations in
time-domain and frequency-domain are discussed
through the viewpoint of device variability.

A. The Intrinsic Fluctuation of DC Characteristics in
Nano-scale MOSFET

Figure 2(a) shows the Ip-Vg characteristics
fluctuations of the discrete-dopant-fluctuated 16 nm
planar MOSFETs, where the solid line shows the
capacitance of the nominal case (continuously doped
channel with 1.48x10'™ c¢m™ doping concentration) and
the dashed lines are random-dopant-fluctuated devices.
Each line and symbol in Figs. 2(a)-2(d) indicates its DC
characteristic for each device. From the random-dopant-
number point of view, the equivalent channel doping
concentration is increased when the dopant number
increases, which substantially alters the Ip-Vg
characteristics, on-state currents (I,,), off-state currents
(Iygr), and threshold voltage (Vy,), shown in Figs. 2(b)-
(d), respectively. The threshold voltage is determined
from a current criterion that the drain current larger than
107 (W/L) ampere. As the number of dopants in
channel is increased, the device’s Vy, is increased and
thus decreases the on-/off-state current. As shown in
inset of Fig. 2(d), the position of random dopants
induced different fluctuation of characteristics in spite
of the same number of dopants. Furthermore, the
magnitude of the spread characteristics increases as the
number of dopants increases. The detailed physical
mechanism is described somewhere else [10-15].
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Fig. 3. (a) Capacitance-voltage characteristics (b) and fluctuations of
gate capacitance with different drain biases for the discrete-dopant-
fluctuated 16-nm-gate planar MOSFET, where the solid line shows
the capacitance of the nominal case and the dashed lines are random-
dopant-fluctuated devices.



B. The Gate-Capacitance and Related Characteristic
Fluctuations of in Nano-scale MOSFET

The capacitance-voltage characteristics of the
discrete-dopant-fluctuated 16 nm planar MOSFETSs are
investigated in Fig. 3(a), where the solid line shows the
capacitance of the nominal case and the dashed lines are
the random-dopant-fluctuated devices. The lateral shift
and change of shape for the capacitance-voltage
characteristics are observed. The variation of gate
capacitance is resulted from the random dopant
placement in channel depletion region. The lateral shift
of gate capacitance is resulted from the variation of Vy,
and may be described by the correspond parameters in
compact model. However, for the variation of shape of
capacitance-voltage curves, the variation is determined
by the position of random dopants in channel, which is
hard to be described in current compact model [26]. To
the best of our knowledge, the wvariation of gate
capacitance has not been modeled yet. The fluctuation
of the gate capacitance (C,) with different drain bias is
studied in Fig. 3(b). Result shows that the device
operates under saturation operation may suffer form the
less gate capacitance fluctuation, where the screening
effect of inversion layer of device screens the variation
of electrostatic potential and decreases the fluctuation of
gate capacitance [26].
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Fig. 4. (a) Cutoff frequency (b) and intrinsic gate delay of transistor
for the discrete-dopant-fluctuated 16-nm-gate planar MOSFETs.

The intrinsic cutoff frequency and intrinsic gate delay
of the studied device are studied in Figs. 4(a) and 4(b),
respectively, in which the insets give the definition of
these characteristics. As the number of dopant in device
channel is increased, the depletion width is decreased,
and then increases the gate capacitance. With the
decreasing transconductance and increasing gate
capacitance, the intrinsic cutoff frequency of the studied
device is decreased as the dopant number is increased.
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As for the intrinsic gate delay of the studied device, with
decreasing on-state current and increasing gate
capacitance, the intrinsic gate delay is increased as the
dopant number is increased. The fluctuations of cutoff
frequency and intrinsic gate delay are 8.2 GHz and
0.069 ps, respectively, and the magnitude of fluctuation
is increased as dopant number is increased.

@

Fig. 5. The studied 16-nm-gate (a) inverter, (b) NAND, (c) and NOR
logic circuits.

C. The Device Variability Induced Fluctuations in

Logic Circuits

The transition characteristics of the logic gate, the
inverter, two-input NAND, and two-input-NOR gates
are implemented and studied as shown in Figs. 5(a)-5(c),
respectively. The input and output signal for the studied
logic circuits are shown in Figs. 6(a)-6(c), in which the
solid line shows the capacitance of the nominal case
(continuously doped channel with 1.48x10' cm?
doping concentration) and the dashed lines are random-
dopant-fluctuated devices. The rise time and fall time
for the discrete-dopant-fluctuated circuits are calculated
and summarized in Table I, where the rise time is
defined as the time required for the output voltage to go
from 10% of the logic “1” level to 90% of the logic “17,
and the fall time is defined as the time required for the
output voltage to go from 90% of the logic “1” level to
10% of the logic “1” level. The delay time is the
difference in times between 50% points of input and
output signal. For all of the studied circuits, the rise
time fluctuation is larger than the fall time fluctuation
because of the smaller driving current of p-type
MOSFET than that of n-type one. The device with
larger transconductance may require less time to charge
and discharge the given gate capacitance and thus show
a less timing fluctuations.



and NOR gates, their output signal transitions are

—~ 12
2 o6l determined by the devices NM1 and NM3 in Figs. 5(b)
>Z 0.0 . . . and 5(b), respectively, where the NM1 MOSFET is
< 12 operated in linear region, and the NM3 MOSFET is
\.’5 0.6} / operated in saturation region. As studied in Fig. 3(b),
<° 00F . ; the device operated in saturation region may exhibit a
30x10-12 60x10-12 less gate capacitance fluctuation. Moreover, the n-type
(a) Time (s) MOSFET transistors in series for the NAND gate may
12 introduce addition variations to influence the operation
< 0.6 of NM1. Therefore, the fall time fluctuation of the
> / \ NAND gate is larger than that of the NOR gate due to
?g L L L 1 the different device’s operation characteristics and
2 56| / circuit topology. In other words, the fluctuation of
> 00 timing characteristics may be influenced by the different
12 L L L L input signal in circuit. Similarly, we can infer that the
£ rise time transition of the NOR gate is larger than that of
° gg i | the NAND gate.
. - 1 Il
50x10-12 100x10-"2 TABLE I
(b) Time (S) SUMMARIZED TRANSITION TIME VARIATION FOR THE 16-NM-GATE
LOGIC GATE CIRCUITS. (* NORMALIZED BY THE NOMINAL VALUE)

1.2 Nominal Rise Nominal Fall Nominal Delay | Nominal Delay
<Z( 06 F Time Time Time Time
> ’ (unit: ps) (low-to-high) (high-to-low)

00 i i i . INVERTER
1.2 1.021 | 0.897 | 0.800 | 0.590
om
z 06 NAND
> 1.248 | 1.197 | 0.987 | 1.254
00t 1 ) 1 1 NOR
1.2 1.762 0.993 1.616 0.761
':_) 06 F Rise Time Fall Time Delay Time Delay Time
>O Fluctuation Fluctuation Fluctuation Fluctuation
0.0 i I (low-to-high) (high-to-low)
50x10 100x107 0.036 | 0.021 INVE|RTER 0.105 | 0.108
C H . . . .
() Time (s) NAND
Fig. 6. The input and output signal for the studied discrete-dopant- 0.070 | 0.056 | 0.107 I 0.129
fluctuated 16-nm-gate (a) inverter, (b) NAND, (c) and NOR circuits. NOR
0.133 | 0.030 | 0.169 | 0.111

Also, we can expect that a logic circuit with fewer
transistors, such as an inverter circuit, may have a less
variation of characteristics due to the less of fluctuation
sources. Nevertheless, the variation of timing
characteristics may suffer from the increase of
transistors in circuit. It’s thus reasonable to infer that the
NAND and NOR circuits may exhibit larger timing
fluctuations than the inverter circuit. Also, they may
have similar timing fluctuations due to the same number
of transistor in circuit. However, the obtained results
show that the rise time and fall time fluctuations for the
NAND gate are 0.53 and 1.87 times larger than that of
the NOR gate. The characteristic difference of timing
fluctuation is resulted from the different device’s
characteristic fluctuations with different input signal.
For the fall time transition characteristics in the NAND
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For the delay time fluctuation, similarly, the circuit with
few transistors may exhibit less variation of
characteristics due to the less fluctuation sources. Thus,
the delay time fluctuation of the inverter gate is smaller
than that of NAND and NOR gates. Besides the signal
transition time fluctuation, the delay time fluctuation
will also include the fluctuation of the transition point
resulted from threshold voltage fluctuation. Therefore,
the delay time fluctuation is significantly larger than the
rise/fall time fluctuations. Moreover, due to the less
threshold voltage fluctuation of p-type MOSFETs, the
low-to-high delay time fluctuation is smaller than the
high-to-low delay time fluctuation. The function- and
circuit-topology-dependent characteristic fluctuations
resulted from random nature of discrete dopants is for
the first time briefly discussed and worth to be explored




for future digital circuit applications in nano-CMOS era.

D. The DC Transfer and High-Frequency
Characteristic Fluctuations in Nano-scale MOSFET
Circuits

In this subsection, the DC transfer and high-
frequency characteristic fluctuations of the common-
source amplifier, as displayed in Fig. 1(f), are discussed.
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Fig. 7. The (a) voltage-transfer-curve (VTC), (b) the output voltage
(Vou), (c) the voltage gain, (d) and the fluctuation of voltage gain for
the studied discrete-dopant-fluctuated 16-nm-gate common-source
circuits. The solid line shows the capacitance of the nominal case
(continuously doped channel with 1.48x10"® cm™ doping
concentration) and the dashed lines are the random-dopant-fluctuated
devices.

Figure 7 explores the DC characteristic fluctuation of
the studied circuit. The voltage-transfer-curve (VTC)
and corresponding output voltage (V) of the discrete-
dopant-fluctuated 16nm-gate planar MOSFET circuits
are studied in Figs. 7(a) and 7(b), where the input offset
voltage is 0.5 V. The derived voltage gain and its
fluctuation of the studied circuit are shown in Figs. 7(c)
and 7(d). The V. is increased as the number of dopant
in device channel is increased due to the decreasing
output current and voltage drop across R;. The variation
of Vg, will influence the capacitance of the studied
MOSFETs and alters the high frequency response.
Moreover, as expected, the fluctuations of Vg, and
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voltage gain are increased as dopant number is
increased.

Figure 8(a) explores the high-frequency circuit gain
as a function of operation frequency for all fluctuated
cases, where the solid line shows the nominal case,
whose channel doping profile is continuously doped
with 1.48x10"® cm?. The circuit gain, 3dB bandwidth,
and unity-gain bandwidth of the nominal case are 8.14
dB, 68 GHz, and 281 GHz, respectively. The
corresponding high-frequency characteristic fluctuations
for the studied circuit are shown in Figs. 8(b)-8(d),
where the three expressions within each plot show the
trend of circuit gain, 3dB bandwidth, and unity-gain
bandwidth as a function of device characteristic and
circuit element.
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Fig. 8. The (a) frequency response, (b) high-frequency circuit gain, (c)
3dB bandwidth, (d) and unity-gain bandwidth fluctuations of the
studied discrete-dopant-fluctuated 16-nm-gate common-source
circuits.

The gain of the studied circuit is proportional to
transconductance (g,,) multiplied by output resistance of
circuit. The circuit output resistance, Ry, is given by
inverse of (Iout/Vour + ro'l), where I, and V, are the
output current and voltage of the studied circuit; 7, is
the intrinsic resistance of transistor. The dependence of
r, in device on threshold voltage is given below:
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Although the dependence of R, and g, on threshold
voltage is inverse, the trend of circuit gain fluctuation is
dominated the output resistance due to the square
dependence of r, on Vgg-Vy,. Therefore, the trend of
circuit gain fluctuation is dominated by the output
resistance and increased as number of dopant is
increased, as shown in Fig. 8(b). Moreover, the trend of
the high frequency circuit gain is similar to the voltage
gain, as shown in Fig. 7(d).

As for the 3dB bandwidth and the unity-gain
bandwidth in Figs. 8(c) and 8(d). When the number of
dopant in device channel is increased, the depletion
width is decreased, and it thus increases the gate
capacitance. The fluctuation of C, accompanied with
increasing r, and decreasing g, result in a decrement of
3dB bandwidth and the unity-gain bandwidth on
increasing dopant number. Similar to the DC
characteristic  of  device, the  high-frequency
characteristic fluctuation of the nanoscale MOSFET
circuit is much more scattered as number of dopants is
increased. The standard deviations of the gain, 3dB
bandwidth, unity-gain bandwidth, and gain-bandwidth
product are summarized in Table II. For the studied 16-
nm-gate MOSFET circuit, the number of discrete
dopants, varying from zero to 14, may result in 5.7%
variation of the circuit gain, 14.1% variation of the 3dB
bandwidth, and 10.4% variation of the unity-gain
bandwidth.

TABLE II
UNITS FOR MAGNETIC PROPERTIES SUMMARIZED HIGH-FREQUENCY
CHARACTERISTIC FLUCTUATIONS OF THE NANO-MOSFET CIRCUIT.

. Unity-gain
Gain (dB) | S9B l’(‘;{“gw‘dth bandwidth
(Hz)
Nominal 8.138 6.84x10'° 2.81x10"
Standard 0.465 9.63 x10° 2.93x10'°
deviation
Variation 0.057 0.141 0.104
IV. CONCLUSIONS
In this paper, a 3D “atomistic” device/circuit

simulation technique has been proposed to investigate
the random-dopant-induced characteristic fluctuations in
nanoscale CMOS digital (inverter, NAND, and NOR
gates) and high-frequency integrated circuits,
concurrently capturing the random discrete-dopant-
number- and random discrete-dopant-position-induced
fluctuations. To capture the nonlinearity of device gate
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capacitance fluctuation and to provide accurate
estimation of transition time and high-frequency
characteristic of nanoscale CMOS circuits, the
device/circuit coupled mixed-mode simulation is
performed. For the digital circuits, the function-
dependent and circuit-topology-dependent characteristic
fluctuations resulted from random nature of discrete
dopants is for the first time discussed. Using the
experimentally calibrated analyzing technique, the result
have shown that the discrete-dopant fluctuated 16 nm
MOSFET circuit exhibits 5.7% variation of the circuit
gain, 14.1% variation of the 3dB bandwidth and 10.4%
variation of the unity-gain bandwidth. This study
provides an insight into random-dopant- induced
intrinsic  timing and high-frequency characteristic
fluctuations. The experimental and theoretical
verification will benefit the development of state-of-art
digital and high-frequency circuits design with accurate
timing and stable performance. We are now studying the
fluctuation suppression technique for nanoscale
MOSFET circuit and system.
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