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On the basis of the continuity of subthreshold current at the interface of trapped charges in
the channel between fresh and damaged regions, a new interface quasi-Fermi potential (IQFP)
model for the nanosheet FET with interface-trapped charges (ITCs) is developed. With the IQFP,
the subthreshold current degraded by the ITCs for both N-FET and P-FET can be completely
developed. We found that the IQFP can be strongly affected by both the distribution and polarity
of the ITCs. Owing to the distribution of positive/negative ITCs near the drain side for N-FET/P-
FET, the decreased threshold voltage will cause noise margin (NM) degradation. In contrast, the
threshold voltage will be increased by the distribution of negative/positive ITCs near the source
side for N-FET/P-FET, which resists the degradation of the NM. The NM caused by the balanced
transistor strength between P-FET and N-FET can be monitored using the IQFP. This model can
also be extended to other multi-channel-potential FETs comprising the subthreshold logic gate.

1. Introduction

Multiple-gate (MG) FETs('3) have attracted considerable attention due to their inherent
robustness against short-channel effects (SCEs) when the gate length is scaled down to the
nanometer regime. Among MG FETs, the nanosheet (NS) FET*13) with full gate coverage will
provide the best short-channel behavior in comparison with other MG FETs. Aside from the best
immunity to SCEs, the NS FET with multiple channels can provide sufficient driving current to
pull-up the subsequent circuits with large fan-outs. The channel potentials for the device can be
split into different regions corresponding to the different boundary conditions caused by
interface-trapped charges (ITCs). For instance, the positive/negative ITC spread near the drain
side for N-FET/P-FET will split the channel potential into two regions. One region near the
source side will provide the low/high minimum channel potential and the other region near the
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drain side for N-FET/P-FET will provide the high/low minimum channel potential. Owing to the
different profiles of channel potential between the source and the drain, the interface quasi-
Fermi potential (IQFP) is necessary to calculate the subthreshold current in the entire channel
region. Up to now, there are no studies on how the IQFP is related to the subthreshold current for
devices with different profiles of channel potentials. As for the single-channel potential device,
the IQFP is equal to the drain voltage. The IQFP is the function of device parameters such as
oxide thickness, silicon thickness, doping density, and gate work function. This is the first time
that the IQFP is derived from the continuity of the subthreshold current based on a quasi-3D
scaling equation. With the IQFP, the noise margin (NM) for the subthreshold logic gate of the
inverter composed of the NS FET can be theoretically and thoroughly evaluated.

2. Model Description
2.1 Quasi-3D scaling equation for NS FET with ITC
As shown in Fig. 1, the channel potential distribution for the NS FET working in the

subthreshold region can be split into two regions. Region 1 of the fresh zone illustrates the
channel potential without the ITC. Region 2 of the damaged zone exhibits the channel potential
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Fig. 1.  (Color online) 1-(A) 3-D NS MOSFET schematic with ITCs. 1-(B) 2-D NS MOSFET with the x-z cut-plane
that shows the two-region channel potential with the scaling length of A;. 1-(C) 2-D NS MOSFET with the y-z cut-
plane that shows the two-region channel potential with the scaling length of 4. ITCs are assumed to be distributed
near the drain side, as shown in 1-(B) and 1-(C).
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with the ITC. On the basis of the quasi-3D scaling equation,1~1%) the central channel potential
with the central conduction mode in two regions (i = 1, 2) can be expressed as

d*®(2) N D (2) = Pey

3 e —0, i=1,2 )
Z
with
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where ¢;; is the long-channel central potential defined by Eq. (2). The scaling length in Eq. (1)
can be expressed by Eq. (2). /; and A are the quasi-2D scaling lengths in the x-z and y-z cut-
planes, respectively. The flat-band voltage V,; in Eq. (3) is the work-function difference between
the gate and the silicon body (i.e., Vy,; =F,,; — Fy; — gN/C,,). The ITC can induce the flat-band
voltage shift gN/C,,,, where N, is the surface density of ITC and C,, is the capacitance per unit
area for the gate oxide.

2.2 IQFP model

According to our previous work,(19 the subthreshold currents of the NS FET in the channel
regions 1 and 2 can be expressed as

_y V. Dy i 1V .
Isubi :Iai(e YalVr —-e ViV )e Comini T, 121,2 (43)
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where the IQFP of Vjorp in the channel regions 1 and 2 can be expressed as

Vi1|,»=1 =0, Vi2|,~:1 =Viorp:Vit |,~:2 =Viorp:Vi2 |,~:2 =V Ly =Ly — L. ®)

The parameters (a;, b;, a,, b,) shown in Eq. (4b) can be the same as those in our previous
paper.(1®) Owing to the continuity of the subthreshold current in regions 1 and 2 (i.e., Z;,5;=Ls,50)s
the equation regarding the IQFP of V;rp shown in Eq. (5) can be expressed as
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After the calculation of Eq. (6), the IQFP of V;ypp on the left-hand side of Eq. (6) can be
obtained as
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By substituting Egs. (7) and (8) into Eq. (4a), the subthreshold current for the NS FET in the
channel region can be obtained. Any one of the subthreshold currents in regions 1 and 2 can
stand for the subthreshold current of the entire device. The subthreshold current in region 1 is
selected to demonstrate the subthreshold current for the NS FET. This leads to the following Egs.
(9a) and (9b).

Lo =1 1(1_e_V1QFP/VT)ed)C,minl/VT (9a)
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2.3 NM of NS FET with ITC

According to our previous paper,!®) the NM of the inverter with ITCs can be expressed as

NM = (10)



Sensors and Materials, Vol. 37, No. 7 (2025) 2797

where b, and b, are the transistor strengths for N-FET and P-FET, respectively, and n is the
inverse of the subthreshold slope. NM; and NM}; are NMs for the low- and high-level inputs,
respectively. NM can be chosen as the minimum value between NM; and NM};. The transistor
strength in Eq. (10) can be derived from Eq. (9) by linearizing F, ,,;,; to the gate voltage. This
leads to

ViorrVr \ 20,1Vy Ves=Va )/ 1V7 Vo 1V
Isublzlol(l_e rerr T)e ? Te( ® 1) ::Bnef’ r (lla)

with
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where Vg and @p are the threshold and bulk voltages, respectively. b,, is the transistor strength
for N-FET. The transistor strength for P-FET (i.e., b,) can also be obtained by changing the
polarity of doping density and applied voltages. Owing to the unbalanced transistor strength (i.e.,
b, # b,) caused by the ITC, the NM degradation can be monitored using the location, density,
and polarity of the ITC.

3. Results and Discussion

A 3-D device simulator is used to validate the model.29 Unless otherwise stated, the NS FET
with the square shape of silicon for both P-FET and N-FET is assumed (i.e., T,;, = H = W).
Figure 2 shows the IQFP versus the channel length for different densities of positive ITCs near
the drain side of N-FET. It indicates that as the channel length is decreased, the IQFP will be
increased owing to SCEs, which brings about the increased subthreshold current. The higher
positive ITC will induce the larger IQFP due to the threshold voltage decreased by SCEs. The
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Fig. 2. (Color online) IQFP versus channel length for different densities of ITCs distributed near the drain side.
The positive charge density and N-FET are assumed.



2798 Sensors and Materials, Vol. 37, No. 7 (2025)

low positive ITC can follow the low subthreshold current near the drain side. Figure 3 shows the
IQFP versus the channel length for different densities of negative ITCs near the drain side of
P-FET. Similar results, as shown in Fig. 2, can be seen except for the polarity of the IQFP. The
high subthreshold current induced by the low IQFP can be obtained by the high negative ITC
distributed near the drain side of P-FET. From Figs. 2 and 3, it can be inferred that the negative/
positive ITCs distributed near the source side of N-FET/P-FET will exhibit the low IQFP that
results in the low subthreshold current. To monitor the NM degradation by the ITC, Fig. 4 shows
NM versus the channel length for different densities of negative ITCs distributed near the source
side of N-FET and the drain side of P-FET. It can be seen that the high negative ITC will keep
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Fig. 3. (Color online) IQFP versus channel length for different densities of ITCs distributed near the drain side.
The negative charge density and P-FET are assumed.
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Fig. 4. (Color online) NM versus channel length for different densities of negative ITCs distributed near the source
side of N-FET and the drain side of P-FET.
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the high NM. In contrast, the low negative ITC will result in the low NM because strong SCEs
that bring about the large imbalance of transistor strength between N-FET and P-FET are
encountered. Figure 5 shows NM versus the channel length for different densities of positive
ITCs distributed near the drain side of N-FET and the source side of P-FET. Unlike that shown in
Fig. 4, the low positive ITC that effectively resists SCEs will result in the high NM. Figure 6
shows NM versus the channel length for damaged/fresh P-FET and N-FET. It indicates that NM
for the fresh P-FET/N-FET will lie in between P-FET and N-FET with the positive and negative
ITCs, respectively.

Note that the negative/positive ITCs will exhibit the highest/lowest NMs among the three
cases. Although quantum confinement effects are not considered in this paper, if the quantum

68
Solid Line : Model

64 - Symbol : Sdevice " " ¢ 4
L . 1
> — _
= 56”',-/ -
N

52
=
Z 48 |
vy 8 -
240 S —a A 1
= _—a
=36 — V=02V
' = 17 -3
w32 - wemz Pu=462eV i N, =1X10" em~_
3 ¢ Ne= IX10% em T =1nm N-type-IN, = 1x10% em
4 28 F -@-N;= 1X10" cm? Tsi =10 nm P-type-| N, =1X10% cm?

24 -A-N=1X10" cm? L, :L,=1:1 : N, =1X10" cm?

20 " [ " [ i [ "

20 25 30 35 40

Channel Length , L, (nm)

Fig. 5. (Color online) NM versus channel length for different densities of positive ITCs distributed near the drain
side of N-FET and the source side of P-FET.
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Fig. 6.  (Color online) NM versus channel length for damaged/fresh P-FET and N-FET.
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confinement effect is taken into account, its impact on the drive currents of P-FET and N-FET is
basically the same, so the NM shown in Figs. 4—6 will not change.

4. Conclusions

We developed a novel IQFP model that establishes a unified framework for both subthreshold
current calculation in multichannel devices and NM degradation analysis in logic gates under
ITC effects. The IQFP formalism rigorously derived from quasi-3D scaling equations resolves
current continuity challenges in two-channel potential devices by simultaneously addressing
multi-region electrostatic coupling and quantum confinement effects. Beyond its immediate
application in dual-channel systems, the model demonstrates extensibility to multi-channel
architectures through the strategic development of multiple IQFPs at distinct channel interfaces,
enabling the precise characterization of cross-sectional potential distributions in advanced NS
transistors. Our analysis reveals fundamental ITC-NM degradation mechanisms: drain-side
positive/negative ITCs in N-FETs/P-FETs reduce the threshold voltage to accelerate NM
collapse, whereas source-side polarity-reversed ITCs enhance noise immunity through threshold
voltage elevation. By correlating IQFP variations with transistor strength imbalance (fn/fp
ratio), we established a universal NM prediction framework validated across 15—50 nm channel
lengths through 3D device simulations. This capability provides critical design guidelines for
radiation-hardened circuits, including layout optimization to suppress drain-side charge
accumulation (<1 x 10'? cm 2 ITC tolerance) and adaptive biasing strategies for threshold voltage
compensation. The model’s modular architecture bridges quantum device physics with circuit
reliability engineering, offering scalability to gate-all-around nanowires and stacked NSs
through generalized boundary condition formulations. Its compatibility with high-x dielectric
interface optimization and machine-learning-assisted 3-D device simulator parameter extraction
positions it as an essential co-design tool for next-generation Iol and biomedical electronics
demanding sub-100 nW operation.
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