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Fundamental Limit to Scaling Si Field-Effect
Transistors Due to Source-to-Drain

Direct Tunneling
Stanislav Markov , Yanho Kwok, Jun Li, Weijun Zhou, Yi Zhou, and Guanhua Chen

Abstract— How far can the miniaturization of metal–
oxide–semiconductor field-effect transistors (MOSFETs)
continue is a recurring question, essential to all aspects
of digital technology. Recent claims of well-performing
MOSFETs with gate lengths below 4 nm apparently defy
the fundamental limit of source-to-drain direct tunnel-
ing (SDDT). Here, we investigate that limit by simulating
gate-all-aroundSi nanowire FETs with gate lengths between
8 and 3 nm using the state-of-the-art atomistic quantum
transport modeling. We find that at 3-nm gate length, the
current is dominated by SDDT, resulting in large source–
drain leakage and poor switching performance even if the
gate modulates the potential barrier between the source and
drain sufficiently well. However, at 6-nm gate-length SDDT
barely starts to degrade the subthreshold characteristics
at large drain bias, and the ballistic ON-/OFF-current ratio
is ∼106 with a subthreshold swing of 70 mV/decade, on par
with contemporary Si technology. This means that in the
best case, the technology roadmap could potentially be
extended for several generations beyond the currently pro-
jected nodes. In addition, the results substantiate that the
experimental devices with the claimed gate lengths below
6 nm in fact operate with a longer effective gate lengths.

Index Terms— Atomistic simulation, density functional
tight binding, metal–oxide–semiconductor field-effect tran-
sistor (MOSFET), quantum transport.

I. INTRODUCTION

TRANSISTOR density of integrated circuits has approxi-
mately doubled every two years for several decades now

and has been traditionally associated with the scaling of the
gate length by a factor of 0.7–0.8 across technology gener-
ations [1], [2]. Although leading manufacturers have already
announced their readiness for the 10-nm technology node [3],
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the corresponding gate length is much larger, ∼19 nm,
and this number does not scale below 12 nm in the latest
editions of the technology roadmap [2]. This is not far
from the fundamental physical limit imposed by source–
drain direct tunneling (SDDT) in metal–oxide–semiconductor
field-effect transistors (MOSFETs), predictions for which vary
broadly between 11- and 4-nm gate length [4]–[6]. Therefore,
it is important to accurately determining where that limit is,
in order to stimulate further technological innovation and
miniaturization beyond the current roadmap. The experimen-
tal work toward this goal has focused on the observation
of temperature independent subthreshold swing (SS)—the
change in gate voltage needed for a ten-fold change in
the drain current [6]. This happens when SDDT starts to
dominate electron transport over the intended thermionic
emission (TE) above the gate-induced potential barrier [see
Fig. 1(a)]. It has first been observed below 77 K in a
shallow-junction bulk-Si MOSFET with 8-nm gate length [6],
and later up to 300 K in a thin-body silicon-on-insulator
MOSFET with 10-nm gate length and an estimated channel
length of 5 nm [7]. Consistent with that a few theoretical
studies found that SS deteriorates fast below 7-nm gate
length and that the fraction of tunnel current through the
source–drain barrier comprises between 40% and 90% of the
OFF-current as gate-length scales from 10 to 4 nm [5], [8], [9].
In contrast, recent experimental reports of MOSFETs with gate
lengths of 4, 3, and even 1 nm show surprisingly small SS
between 65–85 mV/dec [10]–[13]. Some theoretical support
for such remarkable results exists [14], [15], but an alternative
explanation ascribes them to a longer effective channel len-
gth [12], [13]. Unfortunately, the lack of temperature or gate-
length dependence, or any details of the underlying transport
mechanisms, leaves the contradiction unresolved.

Here, we settle the above question by applying the state-
of-the-art atomistic quantum transport modeling to gate-all-
around (GAA) silicon nanowire (SiNW) MOSFETs, which
remain the optimal device for ultimate scaling [1], [2], [9],
despite the intense pursuit of alternative channel materials,
architectures, and operational principles [16]–[21]. Our focus
is specifically on the impact of SDDT on the subthresholds
swing of a device design that exhibits excellent immunity from
short channel effects. Aspects of technology that currently
impede ultimate miniaturization—e.g., contact resistance, vari-
ability, and mobility degradation—are purposefully excluded,
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Fig. 1. Diagram of GAA SiNW MOSFET, transport mechanisms, and features of the simulation model. (a) Schematic of the transistor model,
indicating source (S), drain (D), and gate (G) contacts. Hereafter, the [110]-SiNW axis is referred to as x-direction. Below, the band diagram to
the right of the energy axis E depicts the potential barrier of two MOSFETs with different gate length LG and the associated dominant transport
mechanism—TE, at larger LG, and source–drain direct tunneling (SDDT) at LG approaching few nanometers. SiNW density of states and occupation
probability at the source are shown to the left of the energy axis. (b) Band-structure and cross-sectional view of the atomic model of the SiNW.
(c) Longitudinal profile of the donor concentration used in this paper, based on a Gaussian rolloff defined by the spacer width LSP and steepness σ
(as reported in the legend).

so that the obtained figures of merit represent aspirational
goals for technology optimization and serve as a benchmark
for emerging technologies and materials.

II. METHODOLOGY

We model the transistors of three different gate lengths
of 3, 6, and 8 nm, based on the same [110]-SiNW of
approximately 2.2 nm diameter and an effective oxide thick-
ness of 0.7 nm. This results in excellent control of the
gate over the height of the potential barrier in the chan-
nel and enables us to determine the exact potential barrier
width, at which SDDT starts dominating the subthreshold
behavior of the transistor. Such insight cannot be obtained
from experiment and has not been elucidated by model-
ing despite its importance. Our simulation approach couples
the density functional tight-binding (DFTB) Hamiltonian to
the nonequilibrium Green’s function (NEGF) formalism self-
consistently via the Poisson equation, which allows us to
obtain the density matrix and transmission function and then
calculate the electron current [22]–[24]. The choice of DFTB
Hamiltonian makes it computationally affordable to treat
atomic models of relevant size without involving material-
related phenomenological parameters and ensures the highest
accuracy at present. It is a significant advancement beyond
the effective mass- and mode-space approximations [8], and
beyond empirical tight binding [9]. However, its computational
complexity makes it impossible to simulate the impact of
device non-uniformities that are known to affect sub-threshold
slope, like surface roughness and remote coulomb scattering
centers [38], [39]. The coupling of DFTB with NEGF has been
attempted in the past to model Si NW MOSFETs [15], [40],
but it is only through a recent work on DFTB parameterization
at the level of chemical elements that quantitative accuracy has
been achieved both in terms of measured electronic structure
and dielectric response in Si/SiO2 system [25], [26]. This is

reflected in Fig. 1(b), showing a cross section of the basic
repeating unit used to construct the SiNW together with its
band structure. Notable is the calculated band-gap of 1.545 eV
which agrees well with the experimental value of 1.5 eV for a
hydrogenated [110]-SiNW with a cross section of 2.5 nm [27];
in contrast, the density functional theory (DFT) in the gener-
alized gradient approximation underestimates the gap for the
same structure, yielding a gap of 1.2 eV despite the strong
confinement [28]. The transport simulations are performed in
the ballistic limit, without phonon scattering as our focus is on
the subthreshold current, which is practically independent of
phonon scattering even for longer channel lengths [29]. At the
same time, we can establish the best possible on/off ratio for
the selected nanowire cross section.

We construct the atomic models of the MOSFETs by repeat-
ing the unit shown as inset in Fig. 1(b). The resulting SiNWs
consist of 3572, 6048, and 7344 atoms and their length is
18, 22, and 26 nm. Si atoms are described with spd basis [25],
resulting in 25 432, 41 888, and 50 867 corresponding orbitals.
In this paper, we use continuous donor-doping profile based
on the virtual crystal approximation [32], rather than the
explicit chemical doping used in [30]. The present choice
significantly helps convergence, and at the same time avoids
the intrinsic aspects of variability associated with the position
of impurity atoms. The doping profile of each device—shown
in Fig. 1(c)—assumes highly doped source and drain regions,
with donor concentration of 1020 cm−3, and a Gaussian rolloff
from the edge of the spacer. The width of the spacer LSP
and the steepness of the rolloff σ are chosen to ensure donor
concentration near the gate edge of approximately 1019 cm−3

without having an excessively large concentration under the
gate. The effective oxide thickness is realized via vacuum
separation between the atomic model shown in Fig. 1(b) and a
cylindrical Dirichlet boundary condition representing a metal
gate. Further details of the simulation methodology are given
in the Appendix.
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Fig. 2. Current–voltage characteristics and SS at different bias and temperature. (a) Transfer characteristics (IDS versus VGS) of the MOSFETs
at high drain bias −VDS = 0.6 V (upper curve at given LG: triangles, pentagons, and stars) and low drain bias VDS = 50 mV (lower curve at given
LG: diamonds, squares, and circles). VTH indicates the threshold voltage, based on 600 nA/μm drain current of the 6-nm MOSFET at VDS = 0.6 V.
Notable are the SS of 63 mV/dec at LG = 8 nm—close to the ideal 60 mV/dec at 300 K, and the twice bigger SS of 125 mV/dec at LG of 3 nm. The
MOSFET with 6-nm LG exhibits an unexpectedly large change in SS when drain bias changes from low to high; also unexpected is the change in SS
at low VDS and negative VGS, both effects hinting at a change of dominant transport mechanisms. (b) Transfer characteristics of the 6-nm MOSFET
at different temperatures and high drain bias, practically overlapping below 200 K, indicative of SDDT dominated transport. (c) Subthreshold swing
versus temperature at LG = 6 nm and LG = 8 nm, showing a good agreement against reported experiment at 8 nm gate length [6]; the ideal
temperature-dependent SS is labeled thermal limit.

Fig. 3. Electrostatic potential in the simulation domain for 3-nm gate
length; VDS = 50 mV, VGS = 0.1 V. (a) 3-D distribution of the potential.
The cutout of the domain reveals the atomic structure of the SiNW model
and the potential through the channel. (b) 2-D distribution of the potential
in the (xz) plane through the SiNW axis.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the current–voltage transfer characteristics
(IDS versus VGS) of the transistors at two drain biases, VDS,
of 50 mV and 0.6 V, and electronic temperature T = 300 K.
The legend reports the SS for each curve and suggests an
excellent subthreshold performance of the MOSFET with
8-nm gate length (LG), having an SS of 63 mV/dec—close to
the ideal SS of 60 mV/dec at 300 K. For LG = 6 nm, the SS
at high drain bias deteriorates significantly to 71 mV/dec,
which is somewhat surprising, given that at low drain bias
the SS remains rather small, 64 mV/dec. These figures should
be compared to the 70 mV/dec reported for contemporary
state-of-the art technology with a much longer gate length
of ∼19 nm [3]. In contrast, the SS for 3 nm LG nearly
doubles to 112 and 125 mV/dec at low and high drain bias,
respectively. Regarding the switching performance, we obtain

Fig. 4. Electrostatic potential through the axis of the SiNW for LG
of 6 and 3 nm, for VDS of 0.6 V (red, thick lines) and 50 mV (green,
thin lines). VGS varies in steps of 0.2 V between −0.3 and +0.3 V. There
is a significant lowering of the peak potential barrier at high drain bias
only at 3 nm LG.

an ON-/OFF-current ratio close to 106. The current at high
gate bias is practically independent of the gate length, which
is expected from the ballistic quantum transport formalism,
and is around 600 μA/μm, or 4.1 μA, in line with previous
NEGF calculations of SiNWs of similar cross section in the
ballistic limit [20], [29]. Our focus however remains on the
region of VGS below 0.3 V, where SDDT may be the reason
of degraded subthreshold performance.

Fig. 2(b) shows the subthreshold part of the transfer char-
acteristics of the 6-nm MOSFET for temperature between
5 and 300 K. The curves for 5, 50, and 100 K practically over-
lap, meaning that the TE is not the primary transport mech-
anism at these temperatures. This is confirmed in Fig. 2(c),
showing the dependence of SS versus temperature. For 6-nm
LG the SS is practically the same, 65 mV/dec, between
5 and 100 K. For 8-nm LG, the simulated SS of 49 mV/dec
between 5 and 50 K is in excellent agreement with the
reported experiment for 8-nm LG for the corresponding
temperatures [6]. It should be noted that the experimental
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Fig. 5. Potential barrier profile through the nanowire axis and current
spectrum superposed on the 2-D color map of the local density of states,
for the MOSFETs with gate length of (a) 6 nm and (b) 3 nm, at VDS =
0.6 V, VGS = 0.1 V, and T = 300 K. Energy reference is the Fermi
level at the source contact. The potential is aligned with the bottom of
the conduction band at the source. The current spectrum is normalized
so that its peak reaches the 0 of the horizontal axis, allowing to visually
comparing its alignment with the peak of the potential barrier. At 6-nm LG
the current features substantially TE—the peak of the current spectrum is
just above the peak of the potential barrier, while direct tunneling clearly
dominates at 3-nm LG—the peak of the current spectrum is close to the
Fermi level at the source.

result pertains to a specialized bulk-like MOSFET structure
with electrically variable ultrashallow junction, employing two
different gates—a long upper gate that induces an inversion
region serving as ultrashallow source/drain junctions, and
an 8 nm lower gate that defines LG and modulates the
conduction between these junctions. The device nevertheless
exhibits poorer electrostatics in comparison to the present
GAA nanowire model, which is reflected in the larger SS
for temperatures above 50 K, where thermionic current is
the principle leakage mechanism between source and drain.
The specific features in the SS dependence on temperature
are explained with the interplay between TE and SDDT
components, and how the current spectrum is affected by the
temperature.

To decouple the effect of gate-length reduction on TE cur-
rent from the effect on SDDT, we first analyse the electrostat-
ics within the channel and the corresponding potential barrier
profile between the source and drain. Fig. 3(a) gives an overall
3-D perspective of the potential distribution in the simulation
domain for the 3-nm MOSFET at 50-mV drain–source bias
and 0.1-V gate bias, while Fig. 3(b) shows a more detailed

Fig. 6. Current spectrum and energy barrier profile along the Si NW
axis at different gate lengths. Current spectrum is normalized by its
peak to identify the dominant transport mechanism regardless of cur-
rent magnitude. Vertical dashed lines indicate gate boundaries. Trans-
port mechanism changes from TE at 8-nm LG (top) to SDDT at
3-nm LG (bottom), with transition happening at 6-nm LG (middle).
At 6-nm LG both components are significant and SDDT becomes
dominant at negative gate bias.

2-D view of the potential through the middle of the simulation
domain. Fig. 4 compares the potential profiles along the axis
of the nanowire between the MOSFETs with 6 and 3 nm
gate lengths, for a set of bias conditions. When comparing
these profiles, we recall that any increase in the peak of the
barrier translates to a reduction in the TE current at a rate of
60 mV/dec (at room temperature)—the rate at which electron
state occupancy decays for energies far from the Fermi level.
However, we note in Fig. 4 that the difference in barrier height
for different gate length at fixed bias amounts to 110 mV at
most. This would imply less than 100-fold increase in the
current for 3-nm LG, but as seen in Fig. 2(a), at VGS = −0.3 V,
the increase is four orders of magnitude over the current for
corresponding bias at 6-nm LG. Such a discrepancy is due to
enhanced SDDT, due to the narrowing of the potential barrier
clearly seen in Fig. 4.

Fig. 5 shows the local density of states, the potential barrier
from drain to source, and the normalized current spectrum
in the same two devices at 0.6 V drain–source bias and
0.1-V gate bias. While the local density of states has similar
features between the two devices, there is a crucial difference
in their current spectrum. Specifically, at 6-nm gate length,
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Fig. 7. (a) Substantial increase in the tunneling component due to the narrowing of the potential barrier that accompanies the increase of drain bias
from 50 mV to 0.6 V at 6-nm LG. The thin dotted lines identify the width of the tunnel barrier at the energy level where current spectrum features an
emerging SDDT peak. The barrier width is 0.9 nm smaller—changing from 7.6 to 6.7 nm. (b) Current spectrum of the 6-nm MOSFET at different
temperatures and fixed bias, showing that reducing the temperature to 200 K or lower suffice to make SDDT the dominant current component.

the peak of the current spectrum is above the peak of the
potential barrier, consistent with the intended TE transport.
In complete contrast, at 3-nm gate length, the current spectrum
peaks around the Fermi level of the source, corresponding to
SDDT transport. Therefore, the large subthreshold swing and
OFF-current at 3-nm LG are not due to the inability of the
gate to modulate the height of the potential barrier, but to its
limited ability to control the width of the barrier, to which the
direct tunneling is exponentially sensitive.

A closer observation of the current spectrum in Fig. 5(a)
reveals a significant tunneling component even at 6-nm gate
length, judged by the area of the current spectrum below the
peak of the potential barrier. This suggests that 6 nm is the
gate length at which SDDT start to significantly affect the sub-
threshold characteristics. The issue becomes clearer in Fig. 6,
showing the current spectrum and potential barriers for each
of the three transistors for a set of VGS. At the two extremes
are the cases of 3- and 8-nm gate length. In the former case,
LG = 3 nm, all peaks of the current spectrum cluster near
the Fermi level, reflecting the dominant SDDT current. In the
latter case, LG = 8 nm, the peaks of the current spectrum
are above the corresponding peaks of the potential, reflecting
TE transport, with some tunneling enhancing the current. It is
at 6-nm gate length that the photograph is in-between. The
current spectrum shows a growing fraction of direct tunneling
as gate voltage is reduced and an eventual dominance of the
SDDT as VGS becomes negative. That the 6-nm gate length is
critical is evident from its sensitivity to the drain bias too. The
increase of VDS from 50 mV to 0.6 V shortens the barrier by
almost 1 nm, from ∼8 to ∼7 nm. This leads to the substantial
increase in SDDT current, as shown in Fig. 7(a), and explains
the relatively large difference in SS between low and high
drain bias at this LG, i.e., 64 mV/dec versus 71 mV/dec,
despite a negligible variation in the peak of the potential
barrier. Finally, in Fig. 7(b), we show the potential barrier and
current spectrum for different temperatures for 6-nm LG. The
subthreshold current at 200 K and below is entirely dominated
by SDDT, as anticipated from the temperature dependence of
its SS.

IV. CONCLUSION

In summary, we demonstrated that a GAA SiNW MOSFET
can be potentially scaled down to 6-nm gate length without
significant degradation of the subthreshold behavior despite

a clear manifestation of SDDT. The SS of 71 mV/dec at
high drain bias and DIBL of 43 mV/V match or better the
state-of-the-art technology [3], and therefore may result in
tolerable leakage power density even at much higher tran-
sistor density. Therefore, 6-nm gate length should be on the
technology roadmap. However, further shortening, the gate
enters a regime entirely dominated by SDDT, which will
make it hardly possible to control the leakage power by
the usual transistor design parameters. In relation to the
experimental reports of MOSFETs with 4-nm gate length and
below [10]–[13], it is worth noting that the potential barrier
is effectively elongated due to doping profile, and fringing
fields specific to the gate shape or the high permittivity of
gate spacers, as discussed in [12] and [13]. Unfortunately,
such strategy in general does not warrant overall transis-
tor scaling corresponding to the small gate length. There-
fore, we conclude that the scaling of Si MOSFETs below
6-nm physical gate length and a correspondingly scaled gate
pitch is not viable. Our results serve as an important reference
for the development of phenomenological models that will
facilitate the technology and circuit advancement toward this
limit [31] and a benchmark in the exploration of alternative
channel materials and designs [21].

APPENDIX

COMPUTATIONAL APPROACH

We treat the electrical current in the MOSFETs as
quantum transport in an open system, by using a well-
established approach, consisting of coupling an atomistic
Hamiltonian to the NEGF formalism and to the Poisson
equation in a self-consistent loop, in order to obtain the density
matrix and transmission function, and then calculate cur-
rent [23], [33], [34]. We use self-consistent density-functional-
based tight-binding (DFTB) Hamiltonian to represent the
atomic model [22], which is only recently gaining popularity
in the context of open system modeling, due to the emergence
of accurate parameterization for relevant chemical elements.
Below, we elaborate on a few details to the extent necessary
to understand its applicability to device modeling, as well as
to distinguish it from other atomistic approaches.

DFTB derives as an approximation of density-functional
theory by the decomposition of the total energy functional
in three terms: E = EBS[n0] + ESCC[n0, δn] + EREP(n0).
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These terms correspond to: (BS)—band-structure energy
arising from a Hamiltonian built on a reference electron
density n0(r), (SCC)—energy due to Coulomb and exchange-
correlation (XC) interactions of the second order fluctuation
in charge density δn(r), (REP)—repulsive potential energy—a
correction term accounting for ion-ion interaction, and double-
counting and XC terms. The corresponding terms of the
Hamiltonian are H(0), H(2), and HR. The matrix elements
of H(0) and the overlap matrix S are precomputed with
ab initio DFT using a linear combination of nonorthogonal
optimized atomic orbitals as basis and subject to the two-
center approximation, and are tabulated versus interatomic
distance, as reported in [25]. H(2) depends on the overall
electrostatics of the device and drives the need for the self-
consistent loop, while HR is ignored in here since it represents
only a correction to the total energy of a closed system.

The matrix elements of H(2) would generally have the form
h(2)

μν = �φμ | δV H (r) | φν�, where δV H (r) is the Hartree poten-
tial, solution of the Poisson equation for a given fluctuation
density δn(r). However, explicit use of the atomic basis {φμ}
is avoided in DFTB to reduce numerical complexity. Instead,
the fluctuation density is decomposed into atomic contribu-
tions: δn(r) = ∑

μ �qμFμ(r), where the induced Mulliken
population �qμ is defined by subtracting the reference atomic
charges q(0)

μ from the Mulliken population qμ = ∑
i∈μ[�S]ii ,

� being the density matrix, and Fμ being a projection function
for atom μ. δV H (r) is also projected on the atomic sites to
which μ and ν correspond, so that evaluation of h(2)

μν reduces
to h(2)

μν = �φμ | ((vμ + vν)/2) | φν� = (1/2)sμν(vμ + vν),
sμν being the precomputed matrix element of the overlap
matrix, and the projections vμ,ν , known as onsite shifts, are
independent of r [23]. Once that H(2) and therefore H are
known, the density matrix � is found by applying the NEGF
equations, as elaborated elsewhere [23], and the Mulliken
populations are updated accordingly.

The discussion so far is summarized in Fig. 8, showing the
self-consistent loop for finding H, and the general equations
that govern it. Last thing to clarify here is the projection
function Fμ = (τ 3/8π)e−τ R , which corresponds to an expo-
nentially decaying normalized spherical density typical of an
s-type radial wave-function; R is the distance from the atom to
which orbital μ belongs, and τ = 3.2Uμ, where Uμ is obtained
ab initio for each chemical element as the second derivative of
the total atomic energy with respect to the orbital occupation
number.

Two salient points must be understood from the above. First,
the tabulation of H(0) and S warrants a good computational
efficiency, while the parameterization of the pseudoatomic
orbitals allows to overcome the band-gap deficiency of
standard DFT Hamiltonians, and to correct for the vari-
ous approximations underlying DFTB [25], [35]. Notably,
the parameterization happens at atomic level, within the
pseudoatomic orbitals for computing H(0). Second, the inclu-
sion of H(2) captures both charge transfer due to bond
asymmetry and induced polarization arising from electrostatic
boundary conditions. In this way, the method improves trans-
ferability of the tight-binding scheme, not limited to bulk or

Fig. 8. Summary of the computational approach—self-consistent
loop for determining the device Hamiltonian H. All equations,
except (2) and (6), are pertinent to the formulation with DFTB Hamil-
tonian. The iterative sequence starts with an initial guess for the atomic
charge fluctuations Δqμ (μ labels an atomic orbital), which enables us
to evaluate the corresponding Hartree potential δVH, and construct the
second-order term H(2)[h(2)

μν ] of H. With H and the self-energies �r we
find the lesser Green’s function G<, which yields the density matrix
� upon integration. Refined values for Δqμ are obtained via Mulliken
population analysis. The reference Hamiltonian and overlap matrices,
H(0) and S[sμν ] are precomputed in DFTB. Fμ is a projection function
between atomic bases and real space.

a particular device structure, and yields the electronic contri-
bution to the dielectric response of the system as well—both
electronic structure and permittivity emerge from the model
with a good accuracy without phenomenological paramet-
ers [25], [26], and the Poisson equation is solved in vacuum.
Details of the in-house developed implementation used in this
paper, Lodestar, may be found elsewhere [36].

Note that the simulations at high gate bias—when the
potential barrier is hardly perceptible—converge very difficult,
and one may obtain unphysical solution, with a potential that
is not flat near the leads. This is a problem even though
the simulations employ double contour integration within the
NEGF formalism [37]. Therefore, we have excluded such
simulation points from the I–V curves in Fig. 2(a) of the
main text.
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