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Carrier mobility extracted from low-field electrical measurements is
widely used to interpret transport in field-effect transistors; however,
its physical meaning becomes ambiguous as devices approach the
quasi-ballistic regime. The Y-function method, although numerically
robust, implicitly assumes drift—diffusion transport and attributes
deviations in measured characteristics solely to gate-field-dependent
mobility degradation. Here, we show that this assumption leads to a
systematic breakdown of mobility interpretation in short-channel
devices, even when polynomial Y-function analysis remains numeri-
cally stable. Temperature-dependent analysis of linear-regime transfer
characteristics demonstrates that conventional Y-function-based
extraction yields unphysical mobility attenuation parameters as trans-
port departs from the diffusive limit. These anomalies do not arise from
fitting instability or enhanced scattering, but from neglecting finite
channel-length and injection-limited effects inherent to quasi-ballistic
transport. By reinterpreting Y-function-extracted mobility within the
Landauer transport formalism, we introduce a Landauer-consistent
framework that explicitly separates scattering-limited mobility from
ballistic constraints imposed by finite channel length. This minimal
correction restores physically meaningful mobility parameters and
enables self-consistent reproduction of both drain current and trans-
conductance across the diffusive-to-quasi-ballistic transition, estab-
lishing a physically grounded approach for mobility analysis beyond
the conventional applicability of the Y-function method.

1. Introduction

Carrier mobility is a central parameter for interpreting the low-
field transport in field-effect transistors (FETSs), governing the
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New concepts

This study presents a fundamentally new, transport-regime-aware inter-
pretation of carrier mobility extracted from low-field electrical measure-
ments, establishing a Landauer-consistent framework for mobility
analysis in nanoscale field-effect transistors. We demonstrate that mobi-
lity obtained using conventional drift-diffusion-based techniques,
including the widely used Y-function method, cannot be interpreted as
a purely scattering-limited material property when the channel length
approaches the carrier mean free path. Instead, the experimentally
extracted mobility inherently merges intrinsic scattering and injection-
limited constraints imposed by finite channel length, as dictated by the
Landauer formalism. Unlike previous studies that attribute anomalies in
mobility extraction to field-dependent scattering, numerical instability, or
empirical fitting limitations, this work explicitly identifies finite channel-
length effects as the missing physical mechanism responsible for non-
physical mobility attenuation parameters in the quasi-ballistic regime. By
introducing a minimal, gate-voltage-independent Landauer correction
without altering the core Y-function methodology or adding fitting
degrees of freedom, we establish the first physically consistent separation
of scattering-limited and ballistic transport contributions within a stan-
dard mobility extraction framework. This concept provides a new para-
digm for interpreting electrical transport metrics and delivers critical
insight for mobility analysis in emerging nanoscale materials and ultra-
scaled devices where quasi-ballistic transport is unavoidable.

drain current, transconductance, and overall device performance.’
However, in practice, mobility is not a directly measured obser-
vable but an interpreted parameter whose physical meaning
depends critically on the transport framework assumed in the
analysis. As device dimensions are scaled to the deep nanoscale
regime, carrier transport increasingly departs from the classical
drift-diffusion limit due to strong confinement, enhanced electric
fields, and finite channel-length effects.>® Under these conditions,
it becomes essential to reassess whether mobility parameters
extracted from conventional low-field electrical measurements
retain a clear and physically meaningful interpretation.

Among the various mobility extraction techniques, the
Y-function method has been widely adopted because it enables
robust parameter extraction with reduced sensitivity to series
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resistance and threshold-voltage uncertainty.* By exploiting the
ratio between the linear-regime drain current and transconduc-
tance, the Y-function method has been successfully applied to a
broad range of advanced device architectures (e.g., FInFETs and
fully depleted SOI FETs)*” as well as non-silicon material
systems, including two-dimensional semiconductors (e.g., gra-
phene, MoS,).>™ To further improve the numerical stability and
reduce the bias-range dependence, the polynomial Y-function
method has been proposed and demonstrated to provide reliable
fitting performance over extended gate-voltage ranges.'*'® Despite
these methodological refinements, all Y-function-based approaches
share a common implicit assumption that low-field carrier
transport can be adequately described within a drift-diffusion
framework."®

Within this framework, deviations from the ideal Y-function
behavior are interpreted exclusively in terms of the gate-field-
dependent mobility degradation associated with scattering
mechanisms.*** This kind of interpretation is appropriate for
long-channel devices operating in the diffusive regime, where
the channel length significantly exceeds the carrier mean free
path. However, as the channel length approaches the mean free
path, finite channel-length effects and injection-limited trans-
port can impose an intrinsic limitation on the current flow that
is independent of the scattering strength.® In this quasi-ballistic
regime, the apparent mobility inferred from electrical measure-
ments no longer reflects a purely scattering-limited quantity,
raising fundamental questions about the physical validity of the
mobility parameters extracted using drift-diffusion-based
techniques.

The Landauer transport formalism provides a physically
transparent framework for describing the low-field transport
in nanoscale devices by treating current flow as a transmission
process through a finite-length channel, and has been success-
fully applied to a variety of device structures, including
FETs,"”*° Schottky diodes,*® resonant tunneling devices,”* and
quantum point contacts.>* Within this picture, two independent
length scales govern transport: the carrier mean free path (1),
which characterizes scattering within the channel, and the
channel length (L) itself, which sets an injection-limited upper
bound on conductance even in the absence of scattering. Never-
theless, when the experimental current-voltage characteristics
are interpreted using a drift-diffusion-like mobility description,
these two limitations are inevitably combined into an apparent
mobility that differs fundamentally from the intrinsic scattering-
limited mobility.*'® Despite its relevance to ultra-scaled devices,
this distinction has not been explicitly incorporated into con-
ventional Y-function-based mobility analyses.

In this study, we investigate the physical meaning of the
mobility extracted using the Y-function method as carrier trans-
port enters the quasi-ballistic regime. By analyzing the
temperature-dependent linear-regime transfer characteristics of
a short-channel silicon FET, we show that the Y-function analysis,
although numerically stable, yields systematically nonphysical
mobility attenuation parameters as the transport departs from
the diffusive limit. These anomalies do not originate from fitting
instability, experimental uncertainty, or enhanced scattering but
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instead reflect the neglection of the finite channel-length and
injection-limited effects inherent to quasi-ballistic transport.

To resolve this inconsistency, we reinterpret the Y-function-
extracted mobility within a Landauer-consistent transport fra-
mework. By explicitly separating the scattering-limited mobility
from ballistic constraints imposed by a finite channel length,
we introduce a minimal correction to the conventional Y-
function mobility model, which restores a physically meaningful
interpretation of mobility-related parameters. More importantly,
this approach does not introduce a new variant of the Y-function
method. Instead, it clarifies the valid role of the Y-function in
threshold-voltage extraction and supplements it with a Landauer-
consistent transport model for mobility analysis. Using this
framework, we demonstrate the self-consistent reproduction of
both drain current and transconductance across a diffusive-to-
quasi-ballistic transition with a single set of physically con-
strained parameters.

The results presented here establish that even modest quasi-
ballistic contributions far from the fully ballistic limit can
significantly distort the mobility interpretation when analyzed
within a purely drift-diffusion framework. By explicitly identi-
fying the origin of this distortion and providing a physically
grounded correction, this work offers a general framework for
the mobility analysis of nanoscale FETs operating beyond the
conventional applicability of the Y-function method.

2. Mobility analysis with the Y-function
method

2.1. Temperature-dependent transfer characteristics of a
short-channel Si FET

Fig. 1 shows the measured transfer characteristics of a silicon
bulk FET with a physical gate length (L) of 65 nm and channel
width (W) of 2 um (see Methods), together with the corres-
ponding transconductance extracted from the same dataset. All
measurements were performed in the linear regime using a
small drain bias of Vp = 0.1 V, ensuring that the measured
drain current (Ip) and transconductance (g,,) predominantly
reflect low-field transport in the channel. As the temperature is
reduced from 250 to 12 K, I, increases systematically over the
entire gate-voltage (V) range, which is consistent with the
suppression of phonon scattering and the resulting enhance-
ment of carrier transport. At the same time, the subthreshold
slope becomes steeper at lower temperatures, reflecting the
reduced thermal broadening of the carrier distribution and
improved electrostatic control of the channel. Although dopant
freeze-out may occur in the bulk at cryogenic temperatures, its
impact on the present measurements is expected to be limited,
since device operation is dominated by the inversion layer,
where dopants are effectively fully ionized due to strong field-
assisted ionization (see Section 5.3 for details).

The corresponding g,,,—V characteristics are shown in Fig. 1b.
The peak g, increases markedly with decreasing temperature,
indicating enhanced current modulation efficiency at reduced
temperatures. While the overall shape of the g,-Vs curves

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Temperature-dependent linear-regime transfer characteristics of a short-channel Si bulk FET. (a) /p as a function of Vg measured at temperatures
from 250 to 12 K under a fixed drain bias (V) of 0.1 V. (b) Corresponding transconductance (g,) extracted from the same Ip—V data, showing an increase
in peak magnitude and a temperature-dependent shift of the g, maximum as temperature decreases.

remains qualitatively similar across the investigated temperature
range, both the magnitude and position of the g, peak exhibit
pronounced temperature dependence. These trends highlight the
strong influence of temperature on the apparent transport beha-
vior of this ultra-scaled device.

A channel length of 65 nm was deliberately selected to probe
a transport regime that is highly sensitive to temperature-
dependent variations in carrier scattering. At room temperature,
this channel length is sufficiently long for the transport to be
predominantly diffusive, such that drift-diffusion-based mobi-
lity descriptions remain approximately valid. As the temperature
is lowered, the carrier mean free path (1) increases and becomes
comparable to the channel length (L), progressively enhancing
the contribution of quasi-ballistic transport. This temperature-
driven crossover provides a stringent experimental test of
whether mobility parameters extracted using drift-diffusion-
based analysis methods retain a clear physical interpretation
once finite channel-length effects become non-negligible.

2.2. Polynomial Y-function analysis and temperature
dependence of extracted mobility parameters

The polynomial Y-function method extends the conventional Y-
function approach by retaining the full field-dependent mobility
attenuation model while reformulating the Y-function into a
polynomial form, thereby enabling the bias-range-independent
extraction of mobility-related parameters (see Supplementary
Notes 1 and 2)."* Within this framework, the linear-regime drain
current is interpreted using a drift-diffusion-based transport
model in which the apparent mobility is expressed phenomen-
ologically as a function of the effective gate overdrive voltage:**

Ho (1)

My, = )
P 0V + 0,(Va — AVr)?

where Vg = Vg — Vr — Vp/2 denotes the effective gate drive
voltage; po is the low-field mobility; 0, and 0, are first- and
second-order mobility attenuation coefficients, respectively; and

This journal is © The Royal Society of Chemistry 2026

AVy accounts for the delayed onset of higher-order scattering
mechanisms. Substituting eqn (1) into the linear-regime drain
current expression yields

GmVGl
D — )
1+ 6, Vgt + 92(VG1 — AVT)Z

(2)

where Gy, = (W/L)1toCoxVp- The polynomial Y-function procedure
provides a more numerically robust means of extracting the
parameters {o, 0, 0, AVr} in eqn (2) than the conventional Y-
function method, without modifying the underlying transport
assumption (Supplementary Note 2).

Fig. 2a compares the measured transfer characteristics with
the curves reconstructed using the parameter sets extracted
using the polynomial Y-function method. At high temperatures,
the reconstructed characteristics closely reproduce the experi-
mental data over the entire V; range. However, as the tempera-
ture decreases, systematic deviations emerge in the strong-
inversion regime. In particular, at the lowest temperature (7 =
12 K), the polynomial Y-function model underestimates the
measured I, at high-Vg, indicating a progressive breakdown of
the assumed transport description under these conditions.
This trend is more clearly observed in the corresponding g,
characteristics, as shown in Fig. 2b. While the extracted para-
meters accurately reproduce the measured g,,-Vi characteris-
tics at high temperatures, pronounced discrepancies develop at
low temperatures, particularly in the high-V; regime. The
simultaneous degradation of both I, and g, reconstruction
in the high-V; and low-temperature regimes indicates that the
observed discrepancies cannot be attributed to numerical
instability, temperature-dependent fitting artifacts, contact-
resistance effects, or noise amplification associated with the
numerical differentiation of g,,. Instead, they indicate a funda-
mental limitation of the drift-diffusion-based transport
assumption itself, under which all deviations from the ideal
Y-function behavior are only attributed to gate-field-dependent
mobility degradation.
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Fig. 2 Polynomial Y-function analysis of temperature-dependent transfer characteristics. (a) Measured Ip as a function of Vg, together with curves
reconstructed using the parameter sets extracted by the polynomial Y-function method. (b) Corresponding g, reconstructed from the same parameter
sets and compared with the measured g.,. (c)-(e) Temperature dependence of the mobility-related parameters extracted using the polynomial Y-
function method: (c) low-field mobility prefactor uo, (d) first-order mobility attenuation coefficient 6;, and (e) second-order mobility attenuation

coefficient 6.

Fig. 2c—e depict the temperature dependence of the mobility-
related parameters extracted using the polynomial Y-function
method. The low-field mobility x, decreases monotonically with
increasing temperature (Fig. 2c), consistent with conventional
expectations for scattering-limited transport dominated by pho-
non scattering." In contrast, the first-order mobility attenuation
coefficient 0; assumes negative values over the entire tempera-
ture range (Fig. 2d). A negative 6, formally implies an enhanced
carrier mobility with increasing transverse electric field, directly
contradicting established scattering mechanisms such as pho-
non and surface roughness scattering, which universally lead to
mobility degradation with increasing gate-field.”*** The second-
order coefficient 0, remains positive (Fig. 2e); however, its
pronounced temperature dependence is inconsistent with its
conventional association with surface roughness scattering,
which is generally only weakly dependent on temperature.>

Notably, the anomalous behaviors of 6; and 60, emerge
concurrently and become increasingly pronounced as the tem-
perature is reduced, indicating a common underlying origin
rather than independent fitting artifacts associated with indi-
vidual parameters. Altogether, these results indicate that,
although the Y-function method provides a reliable numerical

Nanoscale Horiz.

description of the transfer characteristics, the physical interpreta-
tion of the extracted mobility attenuation parameters becomes
ambiguous in short-channel devices as transport departs from
the drift-diffusion framework. This ambiguity arises because, in
the quasi-ballistic regime, the apparent mobility degradation
inferred from the Y-function analysis does not necessarily reflect
enhanced scattering within the channel but may instead encode
finite channel length and injection-limited transport effects that
are not captured by the conventional Y-function mobility model.
This observation motivates a re-examination of the Y-function-
extracted mobility within a transport framework that explicitly
accounts for quasi-ballistic effects. This is discussed in the
following section.

3. Landauer-consistent mobility and
transport model

3.1. Necessity of a Landauer-based interpretation of
Y-function-extracted mobility

The anomalies discussed in Section 2 indicate that the break-
down of the Y-function analysis originates not from numerical

This journal is © The Royal Society of Chemistry 2026
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instability but from a more fundamental inconsistency in how
mobility is interpreted when transport departs from the diffu-
sive limit. In this regime, the low-field current can no longer be
fully described as a local drift governed by a field-dependent
mobility. Instead, a transport framework that explicitly accounts
for finite channel-length effects becomes necessary.

The Landauer transport formalism provides a physically
transparent framework by describing the low-field current flow
as a transmission process across a finite-length channel (see
Supplementary Note 3).*® In this picture, transport is fundamen-
tally characterized in terms of transmission and conductance,
rather than mobility.””*® Two independent physical length scales
govern current flow: the carrier mean free path (), which reflects
scattering within the channel, and the channel length (L), which
imposes an intrinsic constraint on carrier transmission even in
the absence of scattering. Nevertheless, when experimental low-
field current-voltage characteristics are interpreted using a drift-
diffusion-like mobility expression, these two transport limitations
are inevitably conflated into a single apparent mobility. Conse-
quently, the mobility extracted from electrical measurements no
longer represents a purely scattering-limited quantity but encodes
both intrinsic scattering and finite channel-length constraints.

Within this context, the relationship among the apparent
mobility papp, effective (scattering-limited) mobility pes, and
ballistic mobility up,y takes a Matthiessen-like form (Supple-
mentary Note 3),>

1 1 1
T (3)
Happ  Heft Hoall

Here, ¢ characterizes intrinsic scattering processes within
the channel, whereas pi,,y represents the injection-limited upper
bound on carrier transport set by the channel length and carrier
injection statistics. In the present low-field, non-degenerate for-
mulation, i, is given by ppan = Ivr/(2ksT/q), where vy ~ T is
the unidirectional thermal velocity (eqn (S3.10)). Therefore,
tpan ~ T "2, indicating that its temperature dependence origi-
nates intrinsically from source injection statistics rather than
from scattering processes within the channel. Eqn (3) makes it
explicit that the mobility inferred from low-field electrical mea-
surements corresponds to the apparent mobility papp, which
coincides with the scattering-limited mobility peg only in the
diffusive limit where up,; — 00. Consequently, pi,pp in the quasi-
ballistic regime cannot be interpreted solely in terms of pes,
indicating a fundamental limitation of the drift-diffusion-based
mobility interpretation.

This relationship clarifies why mobility extracted using the
Y-function method becomes physically ambiguous in short-
channel devices, because the Y-function method implicitly
interprets the mobility extracted from In-g,, characteristics as
a scattering-limited quantity, without accounting for the finite
upper bound imposed by fip,;. When the Y-function method is
applied without accounting for eqn (3), the finite channel-length
effects are implicitly absorbed into the field-dependent mobility
attenuation parameters within the drift-diffusion framework.
Such misattributions provide a natural physical basis for the

This journal is © The Royal Society of Chemistry 2026
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anomalous mobility parameters and temperature dependencies
described in Section 2. Therefore, a physically meaningful
interpretation of the Y-function-extracted mobility parameters
in short-channel devices requires the explicit incorporation of
the Landauer relationship embodied in eqn (3).

3.2. Landauer-consistent reinterpretation of mobility models
used in Y-function analysis

The mobility model employed in the conventional Y-function
method, introduced in eqn (1), is a phenomenological expres-
sion used to describe the mobility inferred from electrical
measurements. Its functional form was constructed to capture
field-dependent mobility degradation, and it implicitly assumes
that the current flow is dominated by scattering processes
within the channel. Therefore, eqn (1) was not derived to
describe injection-limited or transmission-limited transport.
Considering the Landauer-based interpretation established in
Section 3.1, the mobility described by eqn (1) should instead be
reinterpreted as the effective, scattering-limited mobility rather
than as the apparent mobility directly inferred from electrical
measurements. Within this interpretation, eqn (1) is more
appropriately identified as a model for the effective mobility
Uesr associated solely with the intrinsic scattering processes in
the channel (see also Supplementary Note 4),

Ho
3 (4)
1+01Vgi+ (Vo — AVr)

Hefr =

This reinterpretation does not alter the mathematical struc-
ture of the original Y-function mobility model but clarifies the
physical meaning of the extracted parameters by explicitly
associating them with scattering-limited transport.

Substituting the scattering-limited mobility defined in
eqn (4) into the Landauer relationship of eqn (3) yields a
Landauer-consistent expression for the apparent mobility:

Happ = o )
P14+ 0 Vo + 0(Vor — AVr)? + 1
where the dimensionless parameter 1 = uo/ppan quantifies the
relative importance of ballistic transport. For a given device
geometry and temperature, i,y is fixed (eqn (S3.10)), whereas
Uo represents the gate-voltage-independent low-field mobility
prefactor. Consequently, n is also independent of the gate-
voltage and does not introduce an additional bias-dependent
degree of freedom into the mobility model. The implications of
this additional gate-voltage-independent term # become evi-
dent from the limiting behavior of eqn (5). In the diffusive limit
(tpan = o0, 1 = 0), eqn (5) reduces exactly to the conventional
Y-function mobility model. In contrast, in the quasi-ballistic
limit (tegr > Moan), the apparent mobility saturates toward ppap
and becomes insensitive to further increases in the scattering-
limited mobility u.g. Such behavior cannot be captured within
a purely drift-diffusion-based mobility attenuation model. It is
important to note that, although the Landauer correction term
n is gate-voltage-independent, the resulting transport charac-
teristics remain gate dependent through the field-dependent
mobility attenuation terms. In particular, the apparent mobility
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is determined by the combined contribution of a gate-voltage-
dependent term (0, Vg, + 0,Ve) and a gate-voltage-independent
term 5 in the denominator of eqn (5). As the gate overdrive
increases, the relative contribution of these terms changes,
leading to a gate-voltage-dependent modulation of the apparent
mobility. Therefore, the manifestation of quasi-ballistic trans-
port does not require an explicitly gate-dependent correction
term, but instead emerges from the interplay between a gate-
dependent scattering contribution and a gate-independent
transport constraint.

The Landauer-consistent linear-regime drain current follows
directly from eqn (5), as detailed in Supplementary Note 4.3.

Gm VGt

In =
D 1+91V01+92(V(;t7AVT)2+1’[

(6)

Compared with the conventional Y-function formulation,
the Landauer-consistent model introduces only a single addi-
tional, gate-voltage-independent term, #. Although minimal in
form, this term plays a crucial role: When quasi-ballistic trans-
port becomes significant, finite channel-length constraints
cannot be captured by adjusting the gate-field-dependent mobi-
lity attenuation coefficients alone without leading to unphysical
parameter values. By explicitly separating the scattering-limited
transport from the finite channel-length effects within the
Y-function formalism, the Landauer-consistent model modifies
the structure of the mobility attenuation function while preser-
ving its original phenomenological basis. This formulation
provides a physically well-defined framework for interpreting
the mobility parameters in regimes where ballistic injection
effects are non-negligible. In the following section, we assess
whether this Landauer-consistent reinterpretation quantita-
tively accounts for the discrepancies observed in the polyno-
mial Y-function analysis of short-channel devices.

4. Mobility analysis with a Landauer-
consistent Y-function method

4.1. Fitting strategy for a Landauer-consistent transport
model

The presence of the additional correction term # fundamentally
alters the structure of the drain-current model, rendering the
iterative polynomial Y-function fitting procedure described in
Supplementary Note 2 inapplicable to mobility parameter extrac-
tion. Because # represents a gate-voltage-independent transport
limitation, the total mobility attenuation can no longer be
described solely as a function of the effective gate overdrive
voltage (V). Consequently, the fundamental assumption under-
lying the polynomial Y-function formulation, that all deviations
from ideal behavior originate from the Vg-dependent mobility
degradation, breaks down. Thus, the full polynomial Y-function
extraction scheme is not employed in this analysis.

Although quasi-ballistic transport necessitates a revision of
the mobility interpretation, the threshold-voltage extraction
remains governed by electrostatic channel formation rather than
by the detailed transport mechanism. Because the Landauer

Nanoscale Horiz.

View Article Online

Nanoscale Horizons

correction is introduced as a gate-voltage-independent term, it
does not alter the condition defining the onset of inversion.
Accordingly, in our analysis, the polynomial Y-function method is
used exclusively for Vi extraction and the mobility parameters are
obtained using the Landauer-consistent transport model shown
in eqn (6) (discussed in detail in Supplementary Note 5.3).

With Vi fixed, the measured transfer characteristics are
analyzed using the Landauer-consistent drain-current model.
The ballistic mobility upay is not treated as a fitting parameter
because it can be independently evaluated from the channel
length and temperature within the Landauer formalism (eqn.
(S3.10)). Consequently, the set of fitting parameters remains
identical to that used in the conventional polynomial Y-function
method, i.e., {uo, 01, 0, AV1}. The parameters are extracted using
a weighted nonlinear least-squares fitting procedure that
simultaneously minimizes the residuals of I, and g, over a
common gate-voltage range in the strong-inversion regime. The
simultaneous fitting of I, and g, ensures the internal consis-
tency of the extracted parameters and prevents bias-dependent
distortions that may occur when only a single electrical quantity
is considered.

In summary, Vr is extracted independently using the poly-
nomial Y-function method, upay is fixed based on the Landauer
formalism, and the mobility-related parameters {u,, 0;, 05, AVr}
are obtained through simultaneous fitting of I, and g, using
the Landauer-consistent transport model.

4.2. Mobility parameters extracted using the
Landauer-consistent model

Fig. 3a shows a comparison of the measured transfer charac-
teristics with the simulated I, reconstructed using the mobility
parameters extracted from the Landauer-consistent fitting proce-
dure described in Section 4.1. In contrast to the results obtained
using the parameters extracted from the conventional polynomial
Y-function method (Fig. 2a), the Landauer-consistent model accu-
rately reproduces the measured drain current over the entire Vg
range, including the high-V; regime. This extended-range agree-
ment reflects the ability of the modified transport model to
capture the finite channel-length and injection-limited effects
that become increasingly important at large gate overdrives,
where a purely drift-diffusion-based interpretation of mobility
is no longer sufficient.

The corresponding transconductance characteristics are
shown in Fig. 3b. Using the same parameter set that reproduces
Iy, the Landauer-consistent model provides a significantly
improved description of gy, in the high-V; regime compared with
the polynomial Y-function results in Fig. 2b. This demonstrates
that the revised mobility formulation yields a self-consistent
representation of both I, and g, within a single physically
constrained parameter set. However, at the lowest temperature
(T = 12 K), residual discrepancies persist in the high-V; region,
where quasi-ballistic transport is the strongest; these deviations
are discussed further in Section 5.2.

Fig. 3c-e summarize the temperature dependence of the
mobility parameters extracted from the Landauer-consistent
model. The low-field mobility prefactor u, (Fig. 3c) decreases

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Landauer-consistent analysis of temperature-dependent transfer characteristics. (a) Measured Ip as a function of Vg together with curves
reconstructed using the Landauer-consistent transport model. (b) Corresponding g, reconstructed from the same parameter sets and compared with
the measured gn,. (c)-(e) Temperature dependence of the mobility-related parameters extracted using the Landauer-consistent model: (c) low-field
mobility prefactor uo, (d) first-order mobility attenuation coefficient 6;, and (e) second-order mobility attenuation coefficient 6.

monotonically with increasing temperature, consistent with the
trend observed in Fig. 2c and with conventional expectations
for scattering-limited transport dominated by phonon scatter-
ing. Notably, the absolute values of p, obtained from the
Landauer-consistent analysis are systematically larger than
those extracted using the polynomial Y-function method. This
difference reflects the explicit separation of the scattering-
limited mobility from the finite channel-length constraints in
the Landauer-based framework, which prevents the quasi-
ballistic transport from being inadvertently folded into the
extracted mobility prefactor.

A pronounced qualitative difference emerges in the behavior
of the first-order mobility attenuation parameter 6;, as shown
in Fig. 3d. In contrast to the results obtained using the poly-
nomial Y-function method (Fig. 2d), 0, is positive over the
entire temperature range and exhibits no discernible tempera-
ture dependence while remaining very small in magnitude.
This behavior indicates that when quasi-ballistic transport
effects are explicitly accounted for through the Landauer cor-
rection term 7, field-dependent scattering plays only a minor
role in determining the apparent mobility. Instead, the domi-
nant limitation on the apparent mobility in the present device

This journal is © The Royal Society of Chemistry 2026

results from the transition toward the quasi-ballistic transport
regime, which is captured by 7 rather than by field-dependent
mobility attenuation.

A similar trend is observed for the second-order mobility
attenuation parameter 0, (Fig. 3e). The extracted 0, values
exhibit no systematic temperature dependence, in sharp con-
trast to the anomalous behavior observed in Fig. 2e. This result
is physically consistent with the well-established understand-
ing that surface roughness scattering is only weakly dependent
on the temperature.”® The absence of artificial temperature
dependence in 0, further supports the physical consistency of
the Landauer-consistent mobility extraction.

Altogether, the results presented in Fig. 3 demonstrate that
the mobility parameters extracted using the Landauer-
consistent model not only provide a quantitatively improved
reconstruction of the measured transfer characteristics but also
exhibit trends that are physically reasonable and consistent
with known scattering mechanisms. This is in clear contrast to
the unphysical parameter behavior obtained from conventional
Y-function analysis in the quasi-ballistic regime and highlights
the necessity of incorporating Landauer-based transport con-
siderations when interpreting the mobility in ultra-scaled FETs.
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5. Discussion

5.1. Impact of Landauer correction on the breakdown of
conventional Y-function analysis

The results presented in Sections 2-4 indicate that the break-
down of the conventional Y-function method in the present
short-channel device does not originate from numerical
instability or insufficient fitting robustness but from an incom-
plete transport description that neglects finite channel-length
effects. Fig. 4 provides further quantitative insights into this
conclusion by explicitly decomposing the apparent mobility
into scattering-limited and ballistic components and clarifying
why even a small Landauer correction can lead to pronounced
distortions in the Y-function-extracted mobility parameters.

Fig. 4a compares the temperature dependence of the ballis-
tic mobility upan, effective (scattering-limited) mobility s, and
apparent mobility papp. As expected from the Landauer form-
alism, up, increases monotonically with decreasing tempera-
ture (eqn (53.10)). This behavior does not arise from a reduction
in scattering, but from the intrinsic temperature dependence of
the injection velocity entering the Landauer conductance pre-
factor: since vy ~ T2, the corresponding ballistic mobility
follows upan ~ T~ 2. Thus, the increase in ppay at low tempera-
ture reflects a relaxation of the injection-limited constraint
imposed by the finite channel length. In contrast, p.g exhibits
a much weaker temperature dependence, decreasing with
increasing temperature in a manner consistent with phonon-
dominated scattering. p.pp, remains systematically lower than
Uerr Over the entire temperature range, indicating that our
device does not operate in the fully ballistic regime.

The influence of quasi-ballistic transport is quantified by the
Landauer correction term # = fio/Upan, as shown in Fig. 4b.
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Notably, # remains on the order of 0.05-0.12 across the inves-
tigated temperature range, indicating that the ballistic contri-
bution constitutes only a relatively small fraction of the total
mobility. Despite its small magnitude, # enters the apparent
mobility as a gate-voltage-independent term in the denomina-
tor of the Landauer-consistent mobility expression (eqn (5)).
Because the Y-function framework can account only for gate-
voltage-dependent mobility attenuation (6; and 6,), gate-
voltage-independent transport cannot be accommodated
within the conventional formulation. Therefore, when the
Landauer correction is omitted, the fitting procedure is forced
to absorb this missing gate-voltage-independent offset into 0,
and 0,, leading to negative 0, values and anomalous tempera-
ture dependences of 6,, as observed in Fig. 2.

Further insight is obtained from the effective transport
length Aegr, shown in Fig. 4c. It should be emphasized that Aes
is not a directly measured microscopic mean free path, but a
transport length inferred from the mobility decomposition
within the Landauer-consistent framework (eqn (S3.11)),
defined as Aegr = L-Uegf/ pan- Accordingly, Z.g reflects the relative
contribution of scattering-limited transport with respect to the
ballistic limit, rather than the actual distance between indivi-
dual scattering events. The extracted Ao decreases with
decreasing temperature and remains smaller than the physical
channel length (L = 65nm) over the entire temperature range,
indicating that the device does not reach the fully ballistic limit.
This trend is governed by the relative temperature dependences
of Uer and ppay. Although e increases at lower temperature
due to the suppression of phonon scattering, up, increases
more strongly because it is determined by the injection-limited
ballistic transport term, which follows the temperature depen-
dence of the thermal velocity. As a result, the ratio pes/tpan
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Fig. 4 Decomposition of apparent mobility and Landauer correction parameters. All quantities in (a)-(c) were evaluated at a fixed effective gate
overdrive Vg, to ensure comparison under equivalent inversion conditions. The reference Vg was defined from the transfer characteristic measured at
T =12 Kwith Vg = 1V and was applied consistently to all temperatures using independently extracted threshold voltages V+(T). This procedure eliminates
bias-induced variations in inversion charge and transverse electric field, allowing the observed temperature dependence to be attributed to intrinsic
transport effects. (a) Temperature dependence of the ballistic mobility upay. effective (scattering-limited) mobility uet, and apparent mobility papp at a fixed
effective gate overdrive Vq;. (b) Temperature dependence of the Landauer correction parameter n = uo/upan- () Temperature dependence of the effective
transport length e, defined from the mobility ratio Aesr = L-pie/ ipan, @S extracted from the Landauer-consistent mobility analysis (egn (53.11)). This
quantity should be interpreted as a transport length inferred from the mobility decomposition within the Landauer framework, rather than as a directly
measured microscopic mean free path.
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decreases upon cooling, leading to a corresponding reduction
in the extracted Aegr. Importantly, this behavior does not weaken
the necessity of the Landauer correction. Rather, it clarifies that
the central issue is not whether the device reaches the fully
ballistic limit, but whether a finite channel-length effect
remains present and competes with scattering-limited trans-
port. Even when A « L, the finite channel length still gives
rise to the ballistic mobility term p,, which imposes a gate-
voltage-independent transport constraint within the Landauer
framework. Consequently, the apparent mobility obtained from
the conventional Y-function analysis is systematically influenced
by this finite-length contribution, leading to a qualitative mis-
interpretation of the extracted mobility attenuation parameters if
it is analyzed solely within the drift-diffusion picture. Therefore, a
Landauer-consistent interpretation is required whenever finite
channel-length effects remain non-negligible, regardless of
whether the device has entered the fully ballistic regime.

5.2. Limitations and scope of the present Landauer-
consistent framework

Several limitations and scope conditions of the present
Landauer-consistent mobility framework should be acknowl-
edged to place the results of this study in the appropriate
context. One direct manifestation of the restricted modeling
scope adopted here is the residual mismatch observed in g, at
the lowest temperatures (Fig. 3b). This behavior should be
regarded as a natural consequence of the underlying assump-
tions rather than as a failure of the Landauer-consistent inter-
pretation of mobility. Unlike I, g, represents the gate-voltage
derivative of the current and therefore intrinsically amplifies the
sensitivity to physical effects that may only weakly perturb the
absolute current. Consequently, deviations arising from subtle
transport or electrostatic effects tend to appear first and most
prominently in g,,. Thus, physical mechanisms such as energy-
dependent transmission, quantum capacitance, or changes in
sub-band occupancy can produce disproportionately large
deviations in g, while leaving I, comparatively unaffected.

In addition, this analysis is intentionally restricted to low-
field transport in the linear regime, where the mapping between
the Landauer conductance and an effective drift-diffusion-like
mobility remains physically meaningful. Accordingly, high-field
short-channel effects, such as drain-induced barrier lowering,
velocity overshoot, and channel-length modulation are not
considered. In addition, several physical phenomena that can
become increasingly relevant at cryogenic temperatures are
deliberately excluded from this framework, including impurity
freeze-out, interface-state dynamics, quantum confinement,
and energy-dependent transmission.>*° Although these effects
can influence carrier transport and charge modulation, they are
expected to have a stronger impact on g, than on I,. Therefore,
the increasing g, discrepancy observed at the lowest tempera-
tures is consistent with the omission of these effects and does
not undermine the validity of the present Landauer-consistent
framework within its intended operating regime.

Another important limitation of the present framework is
the neglect of parasitic contributions such as series resistance
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and contact resistance.>' These parasitics primarily affect the
absolute scaling of I, and g, and may introduce quantitative
uncertainty in the extracted mobility parameters. However, they
do not alter the central physical conclusion of this work,
namely that the finite channel-length and injection-limited
effects fundamentally modify the interpretation of the mobility
extracted using drift-diffusion-based techniques in the quasi-
ballistic regime. Therefore, the Landauer-consistent framework
developed here is not intended as a comprehensive device
model, but as a transport-regime-aware interpretation tool that
clarifies the physical meaning of the mobility parameters
extracted from low-field electrical measurements.

Despite these limitations, the proposed framework has
several advantages. It enables physically consistent mobility ana-
lysis using only linear-regime transfer characteristics without
requiring additional device structures or specialized measurement
techniques. By explicitly separating scattering-limited mobility
from finite channel-length constraints, the approach allows direct
evaluation of physically meaningful quantities such as the Land-
auer correction parameter # and the effective mean free path /.
Within its defined scope, the present Landauer-consistent frame-
work provides a robust and experimentally accessible basis for
mobility interpretation in nanoscale FETs, particularly under
cryogenic and quasi-ballistic operating conditions.

Finally, the present framework assumes an energy-averaged
transport description in which the mean free path and mobility
can be represented by effective scalar quantities. This approxi-
mation is appropriate for the near-equilibrium, low-field trans-
port conditions considered in this study. However, in emerging
material systems such as two-dimensional semiconductors or
graphene, where the mean free path and transmission can
exhibit strong energy dependence due to non-parabolic band
structures and complex density-of-states characteristics, a more
general treatment may be required. In such cases, the transport
should be described using an energy-resolved Landauer for-
mulation, and the mobility may no longer be represented by a
single effective parameter. Nevertheless, the central concept of
the present work, the separation between scattering-limited
transport and an injection-limited constraint imposed by finite
channel length, remains applicable. Extending the present
framework to incorporate energy-dependent transport repre-
sents an important direction for future research.

5.3. Influence of dopant freeze-out and impurity scattering on
inversion-layer transport at cryogenic temperatures

At cryogenic temperatures, incomplete dopant ionization can
give rise to freeze-out effects in the bulk semiconductor, leading to
a reduced density of thermally activated carriers. In conventional
bulk transport, such effects are often accompanied by an increased
influence of charged impurity scattering, which can become a
dominant mobility-limiting mechanism as phonon scattering is
suppressed. However, in FET operation, carrier transport in the
linear regime is governed primarily by the inversion layer formed
near the semiconductor surface, rather than by the bulk carrier
population. It is therefore essential to distinguish between bulk
and surface ionization under electrostatic gating. Even at deep-
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cryogenic temperatures, the dopant ionization probability near the
surface rapidly approaches unity as the surface potential exceeds
the flat-band condition due to strong field-assisted ionization.>® As
the surface bands bend under gate bias, the relative alignment
between the dopant energy levels and the quasi-Fermi level shifts,
resulting in a rapid transition from incomplete to nearly complete
ionization in the channel region. Consequently, under strong-
inversion conditions relevant to the present measurements, the
dopants in the vicinity of the channel can be regarded as effectively
fully ionized.

This has important implications for scattering mechanisms.
Although charged impurity scattering is intrinsically associated
with ionized dopants, its effectiveness in the inversion layer is
substantially reduced due to electrostatic screening by the high
density of gate-induced carriers. In addition, the spatial separa-
tion between the inversion charge centroid and the bulk
dopants further weakens the Coulomb interaction. As a result,
the contribution of charged impurity scattering to the overall
mobility is suppressed compared to bulk transport, even at low
temperatures. Under these conditions, carrier transport is pre-
dominantly governed by mechanisms associated with the inver-
sion layer, such as phonon scattering and surface-related
scattering processes. Consistent with this picture, the experimen-
tally extracted low-field mobility exhibits a monotonic decrease
with increasing temperature, indicating that phonon scattering
remains the dominant temperature-dependent mechanism. No
signatures of impurity-scattering-limited transport, such as mobi-
lity saturation or anomalous temperature trends at low tempera-
tures, are observed.

Therefore, although partial dopant freeze-out and impurity
scattering may exist in the bulk, their influence on the inversion-
layer charge and the measured drain current is negligible. The
transport characteristics analyzed in this study are primarily
determined by gate-induced carriers and remain well described
by a mobility-based framework. This supports the interpretation
that the observed increase in drain current with decreasing
temperature is predominantly governed by reduced phonon
scattering, rather than by variations in dopant ionization or
impurity scattering.

6. Conclusion

In this study, we have examined the physical meaning of carrier
mobility extracted from low-field electrical measurements in
FETs as carrier transport enters the quasi-ballistic regime. We
have shown that mobility is not a purely intrinsic material
property directly revealed by electrical measurements but an
interpreted quantity whose meaning depends critically on the
underlying transport framework. As the channel length
becomes comparable to the carrier mean free path, the finite
channel-length and injection-limited effects increasingly influ-
ence the current flow, rendering conventional drift-diffusion-
based mobility interpretations ambiguous.

By applying a polynomial Y-function analysis to temperature-
dependent linear-regime transport characteristics, we have
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demonstrated that Y-function-based mobility extraction, although
numerically robust, systematically yields nonphysical mobility
attenuation parameters as transport departs from the diffusive
limit. Importantly, these anomalies do not originate from fitting
instability, experimental uncertainty, or enhanced scattering
mechanisms. Instead, they arise from the implicit drift-diffusion
assumption embedded in the Y-function-based analysis, which
fails to account for the intrinsic transport limitation imposed by
the finite channel length in the quasi-ballistic regime.

To resolve this inconsistency, we reinterpret the Y-function-
extracted mobility within the Landauer transport formalism,
which explicitly incorporates the finite channel-length and
injection-limited effects. This Landauer-consistent reinterpreta-
tion enables a clear separation between scattering-limited mobi-
lity and ballistic constraints imposed by the channel length,
restoring a physically meaningful interpretation of mobility-
related parameters. With this framework, both the drain current
and transconductance can be described self-consistently using a
single set of physically constrained parameters across the
diffusive-to-quasi-ballistic transition.

The results presented here establish that even modest quasi-
ballistic contributions far from the fully ballistic limit can
significantly distort the mobility interpretation when analyzed
within a purely drift-diffusion framework. By explicitly identi-
fying the origin of this distortion and providing a physically
grounded correction, this study offers a general framework for
the mobility analysis of field-effect transistors operating
beyond the conventional applicability of the Y-function
method. More broadly, our findings highlight the necessity of
a transport-regime-aware interpretation when extracting and
comparing mobility in nanoscale electronic devices.

7. Methods

7.1. Device fabrication

The silicon bulk FET investigated in this study was fabricated
using a commercial 65 nm low-power CMOS technology plat-
form provided by TSMC. An n-channel MOSFET with a low-
threshold-voltage (low-Vr) option was employed. The device was
realized on a p-type bulk silicon substrate using a planar CMOS
process flow. The gate dielectric consisted of a thermally grown
SiO, layer with a physical thickness of 2.6 nm. The low-Vp
NMOS device was designed to operate at a nominal supply
voltage of 1.2 V. All fabrication steps were carried out using a
standard foundry process without any post-fabrication modifi-
cation or additional processing.

7.2. Electrical measurements

Electrical measurements were conducted in a cryostat, as shown
in Fig. S1. Gate and drain voltages were applied, and the drain
current was measured using a source-measure unit (Keysight
B2902). Cryogenic measurements were performed using a Gif-
ford-McMahon (G-M) type closed-cycle cryostat (Sumitomo RDK-
415D), which operates without liquid helium. The cryostat
enabled cooling to temperatures as low as approximately 4.2 K,
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with cooling capacities of 35 W at 50 K for the first stage and
1.5 W at 4.2 K for the second stage.

The device was mounted on a thermally conductive sample
holder made of oxygen-free high-conductivity (OFHC) copper and
was mechanically attached to the second-stage cold head. All
measurements were carried out under high-vacuum conditions
of approximately 10~° Torr. The sample temperature was mon-
itored using temperature sensors positioned in close proximity to
the device. Prior to each electrical measurement, sufficient thermal
stabilization was ensured, and electrical connections were estab-
lished through dedicated cryostat feedthrough ports.
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