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FUNDAMENTAL LIMITS
FOR THE MOSFET CONDUCTION CHANNEL
LENGTH TAKING THE REAL PROFILE
OF THE BARRIER POTENTIAL INTO ACCOUNT

The minimal length of the channel in the MOSFET, which is the principal device of mod-
ern electronics, has been estimated. The account of the real potential behavior in the channel
demonstrates that, when some voltage is applied to the drain, electrons tunnel through a re-
gion that is essentially shorter than the physical channel length 𝐿. Therefore, the estimation
of the minimal channel length in the Si-based MOSFET, which is available in the literature
(𝐿min ≈ 1.2 nm), turns out substantially lowered. This discrepancy explains why, after having
reached a working channel length of 5 nm, the value of 3 nm, which had been announced long
ago, had not been achieved yet providing a proper level of the transistor functionality. The
estimations made in this work confirm that the fundamental limits on the Si-based MOSFET
scaling are currently almost reached.
K e yw o r d s: metal-oxide-semiconductor field-effect transistor, minimum channel length, bar-
rier tunneling.

1. Introduction

Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET) is a main device in the modern electron-
ics. Therefore, it still remains the object of numerous
experimental and theoretical studies (see, e.g., work
[1]). The physics of the MOSFET is determined by
the electron motion from the source 𝑆 along the con-
duction channel to the drain 𝐷. The electron current
𝐼𝐷 through the conduction channel of the transistor
with the proper functionality level is effectively con-
trolled by the gate 𝐺, which is insulated from the con-
duction channel by means of a dielectric layer. This
control is based on the fact that the gate, depend-
ing on the applied voltage, changes the height of the
potential barrier between the source and the drain.

A permanent miniaturization (scaling) of MOS-
FETs takes place. At the end of the 20th century, the
standard length of the channel between the source
and the drain was about 100 nm as a rule. Nowa-
days, it is about 10 nm. At the beginning of the 21st
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century, the creation of experimental specimens with
much shorter channels was announced: first of an or-
der of 6 nm [2], and afterward of 3 nm [3]. The thick-
ness of the oxide layer in modern devices can already
be narrower than 2 nm.

However, during the last two decades, it became
more and more clear that the empirical “Moore’s law”,
which satisfactorily described the situation with the
transistor scaling since 1965 (the doubling of the num-
ber of elements on the chip every 24 months), is close
to the exhaustion. This is not only due to numerous
technological problems of scaling (see, e.g., work [4]
and the references therein), but also to the fun-
damental limitations associated with the quantum-
mechanical behavior of electrons in nanosystems.

2. Main Part

As long ago as in 1961, Rolf Landauer theoretically
predicted the availability of a minimum energy re-
quired to switch the system from the “ON” mode
into the “OFF” one. Landauer himself proceeded from
the consideration of the uncertainty relation [5]. But
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Fig. 1. Switching of the MOSFET transistor from one mode
to another one: the solid curve corresponds to the “ON” mode,
and the dashed one to the “OFF” mode. The switching proba-
bility equals 1 − 𝑃 , where 𝑃 is the probability of thermoionic
reemission from the drain to the source. Adapted from work [1]

Fig. 2. In the “OFF” mode, there is a probability 𝑃 of the
quantum-mechanical tunneling of an electron through a barrier
with the width 𝐿. Adapted from work [1]

the same result can be obtained using simple illus-
trative considerations of the MOSFET band struc-
ture. Figure 1 shows the energy of the conduction
band bottom as a function of the 𝑥-coordinate di-
rected along the channel of an 𝑛-channel MOSFET
operating in the “ON” mode. A high positive volt-
age applied to the gate virtually vanishes the barrier,
and electrons can pass from the source through the
conduction channel to the drain. We assume that the
transport in the channel is ballistic, so the electrons
give their energy to the drain and relax owing to in-
tense inelastic interactions in the drain terminal.

Even this simple model allows the minimum energy
required to switch from one mode to another one to

be estimated. The high voltage on the gate in the
“ON” mode eliminates the barrier between the source
and the channel, but the barrier 𝐸𝐷→𝐵 between the
drain and the barrier top survives, because a positive
voltage is applied to the drain. As the electrons have
thermally relaxed in the drain and transferred their
kinetic energy to lattice phonons, there remains some
probability 𝑃 that the electrons can still overcome
the barrier 𝐸𝐷→𝐵 and return back to the source: in
this case, no switch will occur. Demanding that this
probability should be less than 1/2, we obtain

𝑃 = 𝑒−𝐸𝐷→𝐵/𝑘𝑇 <
1

2
. (1)

From whence, we estimate the minimum switching
energy

𝐸min ≡ 𝐸𝑆 |min = 𝑘𝑇 ln 2, (2)

which equals 0.017 eV at room temperature. This
simple consideration is heuristic. However, both the
Landauer pioneering work [5] and the modern de-
tailed analysis [6] lead to the same results for the
minimum switching energy.

In the framework of the same simple scheme, it is
also possible to estimate [1] the minimum length of
the MOSFET conduction channel. As is clear from
Fig. 2, the barrier height must be at least not lower
than 𝐸min in the “OFF” mode, which guarantees that
the electrons can overcome the barrier with a prob-
ability of less than 1/2. The minimum barrier width
(the channel length) is determined by the quantum-
mechanical tunneling through the barrier. The prob-
ability that an electron from the source will tunnel
through the barrier can be estimated in the Wentzel–
Kramers–Brillouin (WKB) approximation (see, e.g.,
work [7]), which brings about a known formula for
the tunneling probability of a particle with the en-
ergy 𝐸 and the mass 𝑚* through the barrier with the
potential 𝑉 (𝑥) between the points 𝑥1 and 𝑥2,

𝑃 ≈ exp

⎛⎝−2

~

𝑥2∫︁
𝑥1

√︀
2𝑚*(𝑉 (𝑥)− 𝐸)𝑑𝑥

⎞⎠. (3)

Since we estimate the minimum channel length from
the side of larger MOSFET channel length values,
for which the quasiclassical motion approximation is
valid, so we can put ~ → 0, and the WKB approxi-
mation is unequivocally applicable in this case.
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From the requirement that the tunneling probabil-
ity should be lower than 1/2 in the “OFF” mode, it
follows that

𝑃 = 𝑒−2
√
2𝑚*𝐸𝑆→𝐵 𝐿/~ <

1

2
. (4)

In Eq. (3), the barrier potential was assumed to be
rectangular along the entire channel length 𝐿. Let us
put it equal to the minimum value 𝐸min described by
Eq. (2). Then, for the minimum length of the conduc-
tion channel, we obtain

𝐿min ≈ |ln(1/2)|
2

~√
2𝑚*𝐸min

. (5)

Let us estimate the value of this minimum length
for a thin inverse 𝑛-channel in Si(100), where the
quantization in the direction toward the substrate
depth already takes place. As can be shown [8], the
lower subband with 𝑛 = 1 is characterized in this
case by the effective mass in the localization direction
𝑚*

𝑙 = 0.92𝑚0 and a valley degeneracy equal to 2. But
the effective mass in the direction 𝑥 of free motion
along the channel plane is 𝑚*

𝑡 = 0.19𝑚0, and it is the
latter that must be taken into account in Eq. (5). As
a result, we obtain the value 𝐿min ≈ 1.2 nm, which
may give an impression that there is a possibility to
reduce the channel lengths in silicon MOSFETs by
at least several times as compared to those that are
currently used in electronics.

However, the real problems that now arise at the
transistor scaling call this statement into question. It
is so because, although the length of experimental
channels of 3 nm was reached more than 15 years ago
[3], they have not yet been implemented in practice in
electronics. One of the reasons may be the fact that
the simple estimate (5) was made without considering
the actual form of a potential profile in the channel,
actually by assuming that there is no drain voltage.

However, this potential is no longer rectangular
under the condition that a direct bias is applied to
the drain, but has a profile similar to that shown
in Fig. 2. In this case, as is known from the mod-
ern, carefully constructed theory of nanotransistors
[1], a rather narrow region with the length ℓ ≪ 𝐿
near the barrier top, where the potential at the source
varies insignificantly, and the electric field is almost
absent, is critical for the classical passage of the bar-
rier by electrons [9]. An electron that managed to

Fig. 3. Approximation of the potential profile in the MOS-
FET channel with the length 𝐿. Electrons tunnel through the
barrier from the source (left) to the drain (right). The voltage
𝑉 is applied to the drain

pass through this narrow region is drawn out by a
strong electric field to the drain, even if it undergoes
collisions.

Therefore, the real potential corresponding to the
situation where the voltage 𝑉 is applied to the drain
is approximated by the profile shown in Fig. 3,

𝑉 (𝑥) =

⎧⎨⎩
𝐸min, 0 < 𝑥 6 ℓ,

𝐸min − 𝐸min + |eV|
𝐿− ℓ

(𝑥− ℓ), ℓ < 𝑥 6 𝐿.
(6)

A similar approximation is widely used to consider
the passing through MOSFETs with scattering [10]:
although the specific potential profile is a result of the
complicated numerical simulation, the results of such
simulations are in agreement with the values obtained
using Eq. (6), when “fitting” the curves at the point
of virtual drain, along almost the whole length of the
channel with an accuracy of 15%.

It should be noted that the length ℓ is a function of
the gate voltage 𝑉 , and ℓ → 𝐿 at 𝑉 → 0 (it is clear
that, without a voltage, the whole channel becomes a
region with a constant potential and the zero electric
field). However, as was shown by numerical simula-
tions [11], the growth of 𝑉 very quickly reduces ℓ to
a certain constant value. Therefore, in this wide in-
terval of drain voltages, we can assume that ℓ = 𝜉𝐿,
where the parameter 𝜉 ≈ 0.1.

Now, it is necessary to integrate Eq. (3) with re-
gard for dependence (6) within the interval from 0
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Fig. 4. Dependences of the parameter 𝜒 on 𝑒𝑉/𝐸min for var-
ious 𝜉-values

to 𝑥0 at which the lower expression in Eq. (6) equals
zero, since the tunneling through the barrier shown
in Fig. 3 is possible only for positive electron energy
values. This integral is taken exactly and leads to the
modification of result (5), namely,

𝐿min ≈ |ln(1/2)|
2

~√
2𝑚*𝐸min

1

𝜒
, (7)

where
𝜒 = 𝜉 +

2

3

(1− 𝜉)

1 + eV/𝐸min
. (8)

Figure 4 demonstrates the dependences of parame-
ter (8) on the dimensionless voltage 𝑒𝑉/𝐸min for sev-
eral values of 𝜉, which, by the order of magnitude,
correspond to a value obtained as a result of the nu-
merical simulation [11]. As one can see, in the voltage
interval, where expression (8) is valid (recall that at
very low voltages, the parameter 𝜉 is also a function of
voltage), we obtain the value 𝜒 ∼ 0.3, which relatively
weakly depends on the further voltage growth. Taken
expression (7) into account, the value of the mini-
mum channel length becomes three times as large,
𝐿min ≈ 1.2 nm.

The results obtained above correlate with the re-
sults of simulations of the quantum transport in Si
NW MOSFET [12]. As was shown in the cited work, if
the length of the gate part of the channel 𝐿𝐺 = 12 nm,
the current 𝐼OFF flows almost completely above the
barrier. Such a transistor operates in the ordinary
classical mode controlled by the barrier. When the
channel length decreases to 10 nm, a small fraction

of electrons already tunnel through the barrier, but
the ordinary mode controlled by the barrier still re-
mains mainly preserved. At 𝐿𝐺 = 7 nm, a signifi-
cant fraction of the electrons that form the current
𝐼OFF already tunnel through the barrier. Finally, at
𝐿𝐺 = 5 nm, only some fraction of the current 𝐼OFF is
created by the tunneling through the barrier. Such a
length of the conduction channel makes it impossible
to control the current by governing the barrier height,
because the barrier became permeable for electrons.

The results obtained in this work are in agreement
with the generally recognized idea that the classi-
cal model of the passage through the MOSFET is
quite applicable to Si-based transistors with a con-
duction channel length of down to 10 nm and even
slightly shorter. However, the further scaling to 5 nm
already poses serious problems of both the applied
(the growth of the role of parasitic resistances and ca-
pacitors for very short conduction channels) and fun-
damental characters owing to the tunneling through
the barrier. The numerical simulation of transistors
with stressed substrates and a special choice of their
orientation with respect to the conduction channel di-
rection (which allows the value of the effective mass in
Eq. (7) to be made larger) show that, most likely, it is
possible to realize the acceptable functioning mode of
a MOSFET with the conduction channel length even
slightly shorter than 5 nm [13]. However, it is obvi-
ous that this value cannot be significantly reduced in
the future because of the fundamental limitations as-
sociated with the quantum-mechanical nature of the
electron motion through such a short channel.

3. Conclusions

In this work, the minimum channel length of a MOS-
FET transistor, which is the main device of modern
electronics, has been estimated. Considering the real
potential profile in the channel, it is demonstrated
that, in the presence of a drain voltage, electrons
tunnel through a region that is significantly shorter
than the physical length of the channel 𝐿. Therefore,
the estimate of the minimum channel length in the
silicon-based MOSFET, 𝐿min ≈ 1.2 nm, which is
available in the literature, becomes substantially un-
derestimated owing to quantum restrictions. From
whence, it is clear why, after reaching the working
channel lengths of 5 nm, the developers did not man-
age to achieve the long-declared values of 3 nm pro-
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vided the proper level of the transistor functional-
ity. The estimates made in our work confirm that the
fundamental limits of the scaling have almost been
reached for silicon-based MOSFETs.
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ФУНДАМЕНТАЛЬНI ОБМЕЖЕННЯ
ДЛЯ ДОВЖИНИ КАНАЛУ ПРОВIДНОСТI
MOSFET З УРАХУВАННЯМ РЕАЛЬНОГО
ВИГЛЯДУ БАР’ЄРНОГО ПОТЕНЦIАЛУ

В статтi оцiнено мiнiмальну довжину каналу транзистора
MOSFET, який є основним пристроєм сучасної електронi-
ки. Врахування реального вигляду потенцiалу в каналi по-
казує, що за наявностi напруги на стоку електрон тунелює
крiзь область, суттєво коротшу вiд фiзичної довжини кана-
лу 𝐿, i тому наявна в лiтературi оцiнка мiнiмальної зумов-
леної квантовими обмеженнями довжини каналу в кремнi-
євому MOSFET 𝐿min ≈ 1,2 нм є суттєво заниженою. Звiдси
зрозумiло, чому пiсля досягнення робочих довжин каналу
в 5 нм так i не вдалося вийти на вже давно декларова-
нi значення в 3 нм при збереженнi належного рiвня фун-
кцiональностi роботи транзистора. Зробленi в нашiй роботi
оцiнки пiдтверджують: фундаментальних меж масштабу-
вання кремнiєвих MOSFET вже майже досягнуто.

Ключ о в i с л о в а: транзистор метал–дiелектрик–напiв-
провiдник, мiнiмальна довжина каналу, тунелювання крiзь
бар’єр.
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