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Abstract— For future technology generations, Ultra-
thin-body (UTB) MOSFETs are expected to replace
classical bulk MOSFETs owing to their superior
electrostatic scaling. However, process-control variability,
especially under cryogenic operation, has heightened
concerns regarding the channel/gate oxide interface. In
this regime, interface-induced surface-roughness (SR)
scattering becomes increasingly dominant, leading to
a sharp roll-off in mobility. In this letter, we present
(i) a universal thickness-scaling principle for long-
channel mobility (—c), validated across multiple transistor
technologies, that captures the non-ideal mobility roll-off
exponent (neff) by explicitly accounting for finite potential-
well type and confinement, and (ii) a closed-form analytical
model that directly extracts the critical thickness (Tcrit)
and the associated critical-mobility trade-off. Overall, this
compact and scalable approach quantitatively highlights
the need for stringent thickness uniformity to preserve
mobility control in next-generation complementary field-
effect transistors (CFETs) technology.

Index Terms— Universality, analytical model, mobility,
ultra-thin semiconductors, surface roughness.

I. INTRODUCTION

IN THE pursuit of next-generation transistors, the semicon-
ductor industry is exploring a range of reduced-dimensional

channel materials, including Si/SiGe nanosheet and forksheet
transistors, MoS2, WS2, In2O3, Te, and others [1]. These
technologies are highly diverse: channels are prepared using
chemical vapor deposition (CVD), atomic layer deposition
(ALD), layer transfer, or sputtering; they target applications
across front-end, back-end, and display technologies; and they
exhibit varying levels of technological maturity.
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Despite this diversity, differences in process controllability
across technologies lead to variability issues in modern tran-
sistors. For example, carrier mobility can become non-uniform
due to surface roughness (SR), and unavoidable surface
dangling bonds. Such non-idealities strongly scatter charge
carriers and become increasingly severe as Tch decreases, lead-
ing to a substantial degradation of carrier mobility (µc). Given
this scenario, a key question arises: if the underlying physics
is the same, can transistor on-state variability be understood
within a non-dimensionalized [2] universal scaling framework?
After all, off-state metrics such as the subthreshold slope are
universal and serve as indicators of sub-bandgap defects [3].

In this letter, we demonstrate that (i) scaling theory can
indeed extract the universal features of thickness-dependent
long-channel mobility, and (ii) it provides a framework to
calculate the critical channel thickness (Tcrit), thereby guiding
technology roadmap development using quantifiable metrics.

II. EXPERIMENTAL STUDY: —–TCH CHARACTERISTICS

Fig. 1 plots the long-channel mobility (µc) as a function
of channel thickness (Tch) for multiple channel materials,
including Si, Ge, Te, InAs, In2O3, and IGZO [4], [5], [6],
[7], [8], [10], [11], [12]. When the channel thickness is scaled
below a certain thickness, µc drops by orders of magnitude
(i.e., a mobility cliff) across multiple MOSFET technologies.
Variability around the mobility cliff would make robust design
logic and memory ICs impossible. For SOI-Silicon transistors,
the mobility cliff is described by the sixth-power thickness
dependence, arising from SR-induced scattering [4] of an
infinite quantum well, as described in (1):

µS R ∝

ˇ̌̌̌
∂Tch

∂E0

ˇ̌̌̌2

∝
m2

z

mxΛ2∆2
rms

T 6
ch. (1)

Since it is derived from an idealized infinite potential well, one
wonders about the robustness of the exponent. Moreover, it is
unclear whether the scaling hypothesis generalizes to non-Si
MOSFETs.

III. UNIVERSALITY OF —(TCH) AND TCRIT EXTRACTION

Total carrier mobility in a MOSFET is controlled by
multiple (nominally) uncorrelated scattering mechanisms
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Fig. 1. (a)–(d) Room-temperature carrier mobility measured for various
channel materials, including Si [4], Ge [5], [6], InAs [7], [8], 2D Te [9],
IGZO [10], and In2O3 [11], [12].

(e.g., phonon, impurity, and surface-roughness scattering) and
is given by Matthiessen’s rule:

µ−1
tot = µ−1

0 + µ−1
AC(Tch) + µ−1

CO(Tch) + µ−1
SR(Tch). (2)

Importantly, only a subset of scattering mechanisms exhibits
a strong dependence on channel thickness. Confinement-
related scattering typically strengthens rapidly as Tch is
reduced [13], [14], [15], whereas optical deformation potential
and polar optical phonon (ODP/POP) limited mobility is com-
paratively weakly thickness-dependent over the same range
[13], [16]. Accordingly, the total mobility can be expressed as

1
µtot

=
1
µ0

+
αSR

T neff

ch
+
βCO

Tch
+
γAC

Tch
, (3)

where µ0 represents the thickness-independent bulk satura-
tion mobility arising from phonon and impurity scattering
mechanisms, and the remaining terms capture thickness-
dependent scattering contributions from surface roughness
(SR), Coulomb (CO), and acoustic phonon (AC). By fitting
measured µtot–Tch trends using (3), the dominant scattering
mechanisms can be quantitatively decomposed. Fig. 2(a) illus-
trates the principle of decomposition and the corresponding
experimental fits for four back-gated long-channel amor-
phous In2O3 transistors with different channel thicknesses
(1.2, 1.6, 1.8, and 2 nm).

This decomposition technique is subsequently applied to the
remaining experimental datasets in Fig. 1(a)–(d). The extracted
effective SR exponent (neff) is summarized in Fig. 2(b). Most
devices exhibit n < 6, typically falling within the range
4 ≤ n ≤ 6.

IV. THE ORIGIN OF THE “ANOMALOUS” EXPONENTS

The channel confinement potential in all MOSFETs is finite,
and the carrier wavefunction penetrates into the surrounding
barrier by an amount determined by the effective mass and
barrier height. To elucidate this behavior, we consider multiple

Fig. 2. (a) Mobility decomposition, separating the thickness-dependent
and independent components. (b) Extracted mobility roll-off exponent
(neff) for different thin-body transistor categories.

quantum well hetero-structure, where the semiconductor chan-
nel is confined by an insulator with finite potential barriers at
both front and back interfaces. As Tch is continuously scaled,
quantum confinement increases the lowest sub-band energy,
effectively widening the bandgap.

For an infinite potential-well approximation, the ground-
state energy shift as a function of Tch is given by [17], [21],
[22]

E0 ∝ T−2
ch = T−lideal

ch ,
∂ ln |∂Tch/∂E0|

2

∂ ln Tch
= 2(lideal + 1) = 6. (4)

In contrast, for a finite potential well, wavefunction penetration
into the gate oxide softens the confinement, modifying this
dependence to E0 ∝ T−leff

ch , as illustrated in Fig. 3(a). The
origin of the power exponent can be rationalized by a simple
analytical model, in which wavefunction penetration into the
oxide effectively softens the confining walls. For a double-gate
FET, this effect can be captured by a symmetric monomial
family of potentials:

V(z) = V0 · |z/(Tch/2)|2/k = V∗0 (Tch) |z|2/k , (5)

where z is the confinement coordinate and k ∈ (0, 1] controls
the softness of confinement: k → 0 approaches the square-
well limit, whereas k = 1 yields a smooth parabolic potential.
V0 is a prefactor, and V∗0 = V0 · (2/Tch)2/k collects the physical
parameters into a single coefficient. The corresponding one-
dimensional Schrödinger equation with (5) is given by

−
~2

2m∗
∂2

∂z2ψ(z) + V∗0 (Tch)|z|2/kψ(z) = Eψ(z). (6)

In (6), the only parameters carrying physical units are ~, m∗,
and V∗0 . It follows that each eigenenergy En must take the form
of

En = Cn(k)~α(m∗)β(V∗0 )γ, (7)

where Cn(k) is a dimensionless function. Using [En] = kg ·m2 ·

s−2, [~] = kg ·m2 · s−1, [m∗] = kg, and [V∗0 ] = kg ·m2−2/k · s−2,
the law of dimensional homogeneity requires

[E0] = [~α(m∗)β(V∗0 )γ] = kgα+β+γ ·m2α+(2−2/k)γ · s−α−2γ. (8)

Matching exponents gives

α+ β+ γ = 1,

2α+

�
2 −

2
k

�
γ = 2,
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Fig. 3. (a) Ground-state energy (E0) as a function of channel thickness
(Tch), showing 1/T neff

ch trend. (b) Analytical interpretation of potential-well
type and finite-well confinement.

−α − 2γ = −2, (9)

hence γ = k
1+k . Consequently, E0 exhibits the following

compact power-law scaling with Tch:

E0(Tch) ∝ V∗0 (Tch)
k

1+k ∝ (T−2/k
ch )

k
1+k = T

− 2
1+k

ch = T−leff

ch . (10)

This smoothly interpolates between the hard-wall limit
(k = 0) and soft parabolic confinement (k = 1): for k → 0,
V(z) approaches a box potential and the familiar infinite-well
scaling leff = lideal = 2 is recovered. When k → 1, V(z)
becomes smooth parabolic, yielding leff = 1. More generally,
any 0 < k < 1 corresponds to a softened confinement with
1 < leff < 2. For example, in Fig. 3(b), a near-square yet
slightly softened profile k ≈ 0.1 gives leff ≈ 1.8. Finally, the
softened scaling law E0 ∝ T−leff

ch implies neff = 2 (leff + 1) < 6,
which explains the observed deviation from the ideal scaling
relation of nideal = 2(lideal + 1) = 6. This relation implies that
the practical SR limit across diverse transistor technologies,
with the limiting exponent bounded between 4 (parabolic well,
leff = 1) and 6 (infinite well, leff = 2). Exponents outside
this range may indicate contributions beyond SR-induced
scattering. The extracted exponent becomes fragile at thick
Tch, where both the increased channel thickness itself and
mobility-extraction artifacts may affect the apparent exponent.

Next, we apply the finite-well concept to the mobility
decomposition model in (3), enabling separate extraction of
thickness-independent and SR contributions. From this, we can
derive an analytical expression for the critical thickness (Tcrit).
Specifically, 1/µ∗ = 1/µ0 + 1/µSR,

with the critical thickness expressed as

Tcrit =

�
α0

mx Λ2 ∆2
rms

m2
z

µ0

� 1
neff

. (11)

Temperature dependence is incorporated through α0(T ), the
effective masses m∗(T ), and the phonon-limited bulk satura-
tion mobility µ0(T ), which collectively account for thermal
effects on screening, band structure, and scattering within
the model. Understanding the temperature dependence of the
mobility scaling remains an important topic for future research,
particularly for cryogenic and high-temperature applications.
The effects of channel material crystallinity are captured
through effective mass and the surface roughness parameters
(∆rms and Λ). Additionally, strain and channel orientation
modify the band structure and associated transport parameters

Fig. 4. (a) Universal —c–Tch curve for thin-body devices, showing
a power-law mobility roll-off below Tcrit and saturation above Tcrit.
(b) Extracted Tcrit and —SR, crit from the universal model.

(e.g., effective mass), and are thus incorporated implicitly
within the model parameters without changing its general form
[6], [18], [19]. By scaling the Tch with Tcrit and normalizing
the carrier mobility by its bulk saturation value (µ0), we obtain
a universal thickness-dependent mobility model, as shown in
Fig. 4(a), and can be expressed as

µ∗

µ0
=

1

1 +
�

Tcrit
Tch

�neff
. (12)

Using this universal model, we can also calculate the SR
limited critical mobility, µSR,crit, at Tcrit and plot it as a
function of Tcrit. The resulting trend provides an important
design guideline for next-generation transistors (GAA FETs,
CFETs, FSFETs). Fig. 4(b) predicts an essential thickness
limit for each technology, below which mobility degradation
is dominated by SR [4], [20]. This introduces a trade-off

between maximizing mobility and further scaling the Tch.
While the proposed scaling framework indicates that channels
with Tch < Tcrit can achieve higher mobility, the strong
thickness dependence in this regime also implies increased
sensitivity to process-induced variations in Tch. This leads to
enhanced mobility fluctuations, which may limit the practical
scalability and reliability of such devices in large-scale circuit
applications.

V. CONCLUSION

In this letter, we demonstrate that a universal scaling
principle unifies the extreme thickness sensitivity of channel
mobility across diverse transistor technologies. Within this
framework, we show that (i) the mobility roll-off exponent
(neff) can be systematically lower than the infinite potential
well prediction (n = 6), with an explicit dependence on finite-
well shape and wavefunction confinement, and (ii) a universal
closed-form model can quantitatively extract the critical thick-
ness and critical mobility for each technology, validated using
experimental mobility data reported in the literature. Overall,
the proposed framework suggests that, in the context of a
potential mobility cliff, CFET technology may remain viable
down to a Si channel thickness of Tch ∼ 2.5 − 3.2 nm, while
the thickness scaling potential of other MOSFETs will likely
depend on the ability to control surface roughness.
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