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Abstract—Effects of phonon scattering on random-dopant-
induced current fluctuations are investigated in silicon nanowire
transistors. Active dopant distributions obtained through kinetic
Monte Carlo simulation are introduced into 10 nm-gate-length n-
type nanowire transistors, and the current-voltage characteristics
are calculated by the non-equilibrium Green’s function method.
The current fluctuation is found to be suppressed by ∼ 40 % by
phonon scatterings at the on-state, while it is very weakly affected
at the off-state.

I. Introduction

The gate length, Lg, of metal-oxide-semiconductor field-
effect-transistors (MOSFETs) has been scaled down to below
30 nm. At this scale, the channel length is comparable to the
electron mean free path, and electrons may be scattered in the
channel region only a few times. In such a situation, it is not
well understood how scattering affects the transport character-
istics. Energy dissipation through electron-phonon scattering
should also be inevitable in irreversible electron transport. In
addition, it is pointed out that fluctuation of device characteris-
tics due to random discrete dopant (RDD) distribution becomes
major concern for nanoscale transistors [1]–[5]. Effects of
the RDD distribution are usually analyzed with a randomly
generated dopant distribution. The actual RDD distribution,
however, should be correlated with the process condition, and
can be different from a mathematically generated one. In our
previous study [6], [7], we investigated the effects of RDD
on characteristics of gate-all-around (GAA) silicon nanowire
(Si NW) transistors using a kinetic Monte Carlo (KMC)
simulator for generating distribution of active dopant atoms
and the non-equilibrium Green’s function (NEGF) method
for calculating the current-voltage characteristics under the
condition of neglecting phonon scattering. In the present study,
we investigate the effects of phonon scattering on the RDD-
induced current variability in Si NW transistors.

II. CalculationMethod

A. Random Dopant Distribution

Discrete random arsenic (As) distributions in Si NWs are
obtained using the Sentaurus KMC simulator [8]. Si NWs
(3 nm wide, 3 nm high, and 30 nm long) covered with 1 nm-
thick SiO2 and with a thick mask are implanted with As
(0.5 keV, 2 × 1014 cm−2) and annealed at 1000 ◦C with a hold
time of 0 s [Fig. 1(a)]. We introduce side-wall gate spaces
of 2 nm thickness to reduce the Vth fluctuation [7], [9]. We
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Fig. 1. (a) KMC simulation. (b) Discrete As distribution in the Si NW. Red
dots show active As atoms in Si, light blue As clusters, orange As at the
oxide/Si interface, and yellow As in the oxide. (c) Device structure for NEGF
calculation.

investigate statistical variations using different discrete As
distributions [Fig. 1(b)] generated with different random seeds.
We find that ∼30 % of As atoms implanted into the Si region
are active in the Si NW and others are in As clusters (∼35 %),
at the oxide/Si interface (∼ 10 %), and in the oxide (∼ 25 %).
The As clusters are inactive and immobile in Si.

B. Current-Voltage Characteristics

The active As distributions obtained through the KMC
simulation are introduced into n-type GAA Si NW MOSFETs,
whose device structure is given in Fig. 1(c). The drain-
current–gate-voltage (Id–Vg) characteristics are calculated by
the NEGF method with an effective mass approximation [10]–
[13]. The conduction band is expressed in terms of six elliptic
valleys with the bulk effective masses. The coupled eigen-
mode expansion method [14], [15] is adopted for solving the
NEGF transport equation. To accelerate the convergence of the
iterative solution, we adopt the Anderson mixing [16] and the
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Newton method [17]. The discrete impurities are treated with
a cloud-in-cell charge assignment scheme [18]. We include
phonon scattering within the self-consistent Born approxima-
tion [10], [11] assuming constant deformation potentials for
g-type and f -type phonons and an elastic approximation for
acoustic phonons [19]. For g-type and f -type phonons, the
in/out-scattering functions [10] can be written as

Σ
in/out
ph (λ, λ′; E) =

∑

ν,q

∑

λ1,λ2

|Uν|2 〈λ|eiq·r |λ1〉〈λ2|e−iq·r |λ′〉

×
[
NνGn/p(λ1, λ2; E ∓ �ων)
+ (Nν + 1) Gn/p(λ1, λ2; E ± �ων)

]
, (1)

where λ specifies the basis states of electrons, ν denotes
the phonon modes, �ων is the phonon energy, Nν =
1/[exp(�ων/kT ) − 1], Uν is the interaction potential, and
Gn/p are the correlation functions. For acoustic phonons, the
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Fig. 2. Id–Vg characteristics without phonon scattering (a) and those with it
(b) at Vd = 0.05 V. Gray lines show the Id–Vg of 100 samples with different
discrete As distributions. Close circles show the median (I50%). The upper error
bars represent 95 percentile while the lower error bars represent 5 percentile
values (I95% and I5%).
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Fig. 3. The same as Fig. 2 but for Vd = 0.5 V.
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Fig. 4. (a) Vg-dependence of 〈I〉ph/〈I〉o, where 〈I〉ph (〈I〉o) is the average
current with (without) phonon scattering. (b) Standard deviation ratio, σph/σo,
as a function of Vg, where σph (σo) is the standard deviation of the current
values with (without) phonon scattering.

in/out-scattering functions can be written in a similar form
in the equipartition approximation. We use the bulk phonon-
scattering parameters in Refs. [20] and [21]. Phonon confine-
ment effects [22] and inelasticity of acoustic phonon scattering
[23] are neglected.

III. Results and Discussion

A. Current-Voltage Characteristics

Figures 2 and 3 show calculated Id–Vg characteristics at
Vd = 0.05 and 0.5 V, respectively. We have simulated 100
samples with different discrete As distributions (gray lines).
The close circles show the median (I50%). The upper error bars
represent 95 percentile while the lower error bars represent
5 percentile values (I95% and I5%). The average number of
dopants in the source or drain expansion is ∼ 15, which
corresponds to ∼ 1.7 × 1020 cm−3, while the average number
of dopants in the channel region is ∼ 0.5. Since the spacers
of 2 nm thickness reduce the penetration of dopants deep into
the channel region, the threshold-voltage variations are greatly
suppressed [7], [9].
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Fig. 5. Correlation between Iph/Io and Io at the off-state [(a) and (b)] and at
the on-state [(c) and (d)]. Here Iph (Io) is the current value of an individual
sample with (without) phonon scattering.

B. Average-Current Reduction

Both the average current, 〈I〉, and the current fluctuation,
σ, become smaller by including phonon scattering. This can
be clearly seen in Fig. 4, where the average-current ratio,
〈I〉ph/〈I〉o, and the standard deviation ratio, σph/σo, are plotted
as a function of Vg. Here the suffix ph (o) indicates values with
(without) phonon scattering. The average-current reduction by
phonon scattering, i.e. 1−〈I〉ph/〈I〉o, at the off-state (Vg = 0 V)
is smaller than that at the on-state (Vg = 0.5 V). This can
be attributed to the fact that the phonon-assisted tunneling
partially compensates a current loss due to phonon scattering
at the off-state [24].

C. Current Fluctuation Suppression

For the current fluctuation, the effect of phonon scattering
is significant at higher Vg as shown in Fig. 4(b). For example,
σph/σo ≈ 0.6 at Vg = 0.5 V, while σph/σo ≈ 0.95 at
Vg = 0.0 V. In order to understand this behavior, we plotted
in Fig. 5 the individual current ratio, Iph/Io, vs. Io. At the off-
state [Fig. 5(a) and (b)], Iph/Io is essentially independent of
Io. The standard deviation ratio, σph/σo, can, therefore, be
considered to be almost equal to the average-current ratio,
i.e. σph/σo ≈ 〈I〉ph/〈I〉o. Since the current reduction by
phonon scattering becomes smaller at the off-state due to
the phonon-assisted tunneling, the reduction in the current
fluctuation becomes also small at the off-state. On the other
hand, at the on-state [Fig. 5(c) and (d)], there is negative
correlation between Iph/Io and Io. This suppresses the current
fluctuation at the on-state. This negative correlation may be
understood by looking at different transport modes between
high and low current states (see Fig. 6). For the low-current
state, the current spectra, Jo(E), mainly consists of narrow
energy windows, which may reflect resonant transmission
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Fig. 6. Current spectra Jph(E) (red) and Jo(E) (blue) for (a) the low-current
and (b) the high-current sample at Vd = 0.05 V and Vg = 0.5 V [see arrows in
Fig. 5 for the low- and high-current samples]. The corresponding equidensity
surfaces are shown in (c) [low-current samples] and (d) [high-current sample].
Blue and greens surfaces correspond to 2×1020 and 1×1020 cm−3, respectively.
Yellow dots represent the dopant locations.

through localized states. Phonon scattering broadens those
narrow energy windows, which enhances the current. On the
other hand, for the high-current state, Jo(E) has wider energy
windows reflecting band-like transport, and phonons act as
normal scattering centers, resulting in the current reduction
and leading to the negative correlation.

IV. Conclusion

We investigated the effects of phonon scattering on the
RDD-induced current variability in Si NW transistors. We
introduced realistic As distributions obtained through the
KMC simulation into 10 nm-gate-length n-type GAA Si NW
MOSFETs, and calculated the current-voltage characteristics
with and without phonon scattering. We find that the current
fluctuation is suppressed by ∼ 40 % by phonon scatterings at
the on-state, while it is very weakly affected at the off-state.
The suppression may be attribute to the different transport
modes between high and low current states; i.e. resonant
transmission through localized states for lower-current states
and band-like transport for higher-current states.
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