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Abstract—This paper presents an analytical model for
quantum-confinement effects in short-channel gate-all-around
(GAA) MOSFETs under the subthreshold region. Our analytical
model accurately predicts the impact of short-channel effects and
doping concentration on the quantum-confinement effects. This
scalable quantum-confinement model is crucial to the ultrascaled
GAA MOSFET design.

Index Terms—Gate-all-around (GAA), MOSFET, quantum
effects, short-channel effect.

I. INTRODUCTION

ATE-ALL-AROUND (GAA) MOSFET is an ideal struc-

ture to provide superior electrostatic behavior and is
recognized as an important candidate for ultimate CMOS
scaling [1]-[3]. As the channel thickness of GAA MOSFETSs
scales down, the quantum-confinement effects become sig-
nificant. This 2-D confinement effect is often considered to
be independent of the carrier flow direction (i.e., channel
length direction). Thus, the quantum-confinement model for
long-channel and undoped cylindrical GAA MOSFETs was
proposed using the flat-well approximation [3], [4]. For short-
channel devices, however, the center of the potential well is
altered by the source/drain coupling due to the short-channel
effect, and the flat-well approximation is no longer valid. An
accurate quantum-confinement model considering the short-
channel effects is crucial to GAA MOSFET design.

In this paper, an analytical solution of Schrodinger equa-
tion for short-channel GAA MOSFETs under the subthreshold
region is proposed. The subthreshold behaviors represent the
device electrostatic integrity that is important for ultrascaled
device design. Aside from the lightly doped GAA MOSFETs,
our analytical model can also be used for heavily doped devices.

This paper is organized as follows. In Section II, we
demonstrate the method to derive the analytical solution of
Schrodinger equation for short-channel GAA MOSFETSs under
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Fig. 1. Schematic sketch of the GAA structure investigated in this paper.
The origin point (r = 0,y = 0) is defined at the center of the channel/source
junction.

the subthreshold region. In Section III, we verify our calcu-
lated eigenenergies and eigenfunctions with TCAD simula-
tion. Some insights of quantum-confinement effects in GAA
MOSFETs will be discussed. Finally, the conclusions will be
drawn in Section IV.

II. ANALYTICAL SOLUTION OF SCHRODINGER EQUATION

The eigenenergy and eigenfunction of channel carriers are
crucial to the quantum-confinement effect, and they can be
determined by solving the Schrodinger equation. Fig. 1 shows
a schematic sketch of the GAA MOSFET structure. The
Schrodinger equation in the cylindrical coordinate is

32
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where F is the eigenenergy, W(r, §) is the corresponding wave-
function, A is the reduced Plank constant, and m* is the effective
mass of electron. In this paper, we consider the effective mass
of the fourfold degenerate valleys as 2m; - m/(m; + my) and
that of the twofold degenerate valleys as m; [5]-[8], with
my and m; being the longitudinal and transverse effective
masses, respectively. It should be noted that an approximated
isotropic effective mass is used in (1) to preserve the symmetric
property in the cylindrical coordinate. This isotropic-mass ap-
proximation has also been employed by Jin et al. [5], [6] and
Gnani et al. [7] in the studies of silicon nanowires and
has been shown to yield reasonably accurate subband energy
levels.
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The conduction band edge Ec(r,6) in (1) can be obtained
from the channel potential solution of Poisson’s equation. In
our previous work [9], we have derived the channel potential
solution ¢(r,y) for GAA MOSFETs in the subthreshold
region

o(r,y) = 1(r) + ¢2(r,y) (2a)
¢1(r)=Ar* + B (2b)

2(r,y) = Y Lk - sinh(A, - )
+ Ky, sinh (A (Lest — )| - Jo(An - 7)) (2¢)

where Leg is the channel length and J,(z) is the Bessel
function of the first kind of order v. \,, can be determined by
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where ¢; and ¢; are dielectric constants of the Si-channel and
gate insulator, respectively. D and t; are the channel diameter
and thickness of gate insulator, respectively. Note that (3b) is
the capacitance per unit length for an infinitely long cylindrical
capacitor, which neglects the fringing effect of the field near the
edges of the capacitor [10]. The coefficients A, B, k,,, and k],
in (2a)—(2c) can be expressed as

qNa
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Fig. 2. Analytical potential distribution of GAA MOSFETSs compared with
TCAD simulation. A midgap workfunction of 4.5 eV is used.

where NN, is the channel doping. Vg is the voltage bias of the
gate terminal, and Vj, is the flatband voltage. Vpg is the voltage
bias of the drain terminal, and ¢y, is the built-in potential of
the source/drain to the channel. The verification of the channel
potential solution with TCAD simulation is shown in Fig. 2.
To simplify the solution of the Schrédinger equation, the
Bessel-function-based ¢ is further reduced to the parabolic
form, and E¢ can be expressed as Ec = o - 12 + (3 with

A+ (—i/\i)

. |:kn -sinh(\,, - y) + kI, - sinh (A, (Legr — y))H

(5a)
B=(—q)

{B+Z n - sinh(A, - y) + &, - sinh (A, (Leg — 9))]

()]
|z —=4+= ‘In | —
2 ¢ 24 Ny
where kT/q is the thermal voltage and E,, is the bandgap of Si
channel. N, and N,, are effective densities of states (DOSs) for
conduction and valence bands, respectively.

By using the separation of variables technique, the solution
of (1) can be expressed as U, ;(r,0) = R, (r) - exp(i -1 - 0)
[11], with n and [ being the principle quantum number and

the angular quantum number, respectively. It should be noted
that the angular quantum number [ is restricted to integers

1 kT

(5b)

(0,£1,+£2,....) because of the periodicity of . Thus, R,,(r)
is the solution of
2 d*R,(r) . ARy (r)
dr? dr
2m*r? 9 9
+ T[En—(a-r +8)] =P Ru(r)=0 (6)

where R,,(r) can be expressed as [12]
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with the coefficients c;’s being determined by the recurrence
relationship

o = 2 (Bn—B)
TR 441y 7
¢ = 72m ) (En _ﬂ) cCi—1 — - Ci—2 ZZ 2. (7b)

h2 424401 ’

Generally, 20 terms in the summation of (7a) are needed to
give sufficiently accurate results. It should be noted that, as
a =0 (i.e., F¢ is spatially constant), R, (r) will return to the
form of Bessel function, which is the solution for long-channel
and undoped GAA devices [3], [4]. The nth eigenenergy F,
can be determined by the boundary condition R,,(r = D/2) =
0. Thus, the eigenenergy and eigenfunction for short-channel
GAA MOSFETsS under the subthreshold region can be derived.

By using the calculated eigenenergies and eigenfunctions, we
can calculate the electron density in the channel. The electron
density can be expressed as

FEc—-FE
n(r7 y) :NC,QM - eXp (CkTF> (8a)
[2kT
Neau =1/ 5 - > g /mi - [ Wina(ry)®
i,mn,l
Ei,n,l - EC
- exp (H) (8b)

where g; is the valley degeneracy and mj; is the DOS ef-
fective mass of valley 7. In other words, the impact of quan-
tized eigenenergies and eigenfunctions on the electron density
is incorporated into the effective DOS for conduction band
(Ne.qm) [131.

III. VERIFICATION AND DISCUSSION

Fig. 3 shows the calculated quantized jth eigenenergy (E;)
and the square of jth eigenfunction (|¥;|?) for lightly doped
long-channel GAA devices, and the results are verified with
TCAD simulation that numerically solves the self-consistent
solution of 3-D Poisson and 2-D Schrodinger equations [8]. It
can be seen that F; and the difference between two distinct
eigenenergies increase with decreasing channel diameter (D).
Due to the cylindrical symmetry in the 6 direction, F> and F5
are degenerate because they correspond to the states of [ = 1
and —1. Similarly, I/4 and Ejy are degenerate. The results in
Fig. 3 can also be predicted by the quantum-confinement model
using the flat-well approximation [3], [4]. For short-channel
lightly doped GAA devices, however, the conduction band
edge E¢ is lowered by source/drain coupling and is bended
from a flat well to a parabolic-like well (Fig. 4). Since E¢
is not spatially constant for short-channel devices, we choose
E¢ at the channel center (r =0) as the reference energy.
Fig. 4 shows that E;’s can be correctly predicted by our ana-
Iytical solution considering the short-channel potential barrier.
Fig. 5(a) shows that the lowest eigenenergy (E;) increases as
channel length decreases. This eigenenergy shift results from
the bending of Ex due to the short-channel effect. Fig. 5(b)
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Fig. 3. (a) Quantized eigenenergies for long-channel lightly doped GAA
devices. (b) Square of wavefunctions corresponding to the eigenenergies of
GAA device with D = 5 nm in (a).
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Fig. 4. Conduction band edge and quantized eigenenergies of a short-channel
lightly doped GAA device.

shows that the square of lowest eigenfunction (| ¥y |?) for short-
channel lightly doped device is more centralized to the channel
center. This is because the E¢ barrier at the channel center
(r = 0) is lower than that near the insulator/channel interface
(r = D/2) and the electron density becomes larger at r = 0.
Fig. 6 shows that F; increases with Vpg. In other words, the
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Fig. 6. Drain bias dependence of the first eigenenergy of short-channel lightly
doped GAA devices with various channel diameters.

drain-induced-barrier-lowering (DIBL) increases the E bend-
ing and affects the quantum-confinement effects.

Our analytical model can also be used to assess the impact
of quantum confinement on heavily doped GAA MOSFETs.
Similar to the lightly doped short-channel devices, the E¢
of heavily doped devices can be described by the parabolic
form. In contrary to the upward bending of E¢ in the lightly
doped case, the F/ bends downward for heavily doped devices.
Fig. 7 shows that the F/c for long-channel heavily doped GAA
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GAA devices with various channel diameters. The reference energy is defined
at Ec(r = 0.5- D). (b) First eigenenergies and conduction band edges of
heavily doped GAA devices with D = 13 nm and D = 15 nm, respectively.

device shapes the potential well near the interface (r = D/2).
Therefore, we choose the E¢ at r = D/2 as the reference
energy for long-channel GAA devices. Fig. 8(a) shows that
the E; of long-channel GAA devices increases with channel
doping. This is because as the channel doping increases, the
surface electric field increases, and hence, the bending of F¢
at the interface is increased. As a result, the E; increases
due to the stronger electrical confinement. Moreover, it can be
seen that, for heavily doped channels (e.g., 5 X 10'8 cm’S),
FE; increases with increasing channel diameter, which is
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contrary to the lightly doped case (e.g., 1 x 10*® cm™3). This
is because for heavily doped devices, the electrical confinement
becomes stronger with increasing channel diameter, as shown
in Fig. 8(b).

Fig. 9 compares the electron density distributions calculated
from the classical model [9] and the quantum-confinement
model using (8). It can be seen from Fig. 9(a) that, for lightly
doped short-channel GAA MOSFETs, the electron density near
the interface (r = D/2) predicted by the quantum-confinement
model is smaller than that predicted by the classical model.
Fig. 9(b) shows that, for heavily doped long-channel GAA
MOSFETs, the peak electron density predicted by the quantum-
confinement model is away from the interface, while the classi-
cal model predicts the highest electron density at the interface.
Furthermore, the average electron density can be calculated
by fOD/2 27 -1 - n(r,y)dr/Aen, with n(r,y) being the electron
density derived from (8) and A, being the cross-sectional
area of the channel. Fig. 10 compares the average electron
densities at y = 0.5 Log calculated from the classical model and

the quantum-confinement model one for lightly doped short-
channel devices. It can be seen that the discrepancy becomes
larger with reducing channel diameter.

IV. CONCLUSION

We have proposed an analytical model for quantum-
confinement effects in GAA MOSFETs under the subthreshold
region. The Schrodinger equation is solved considering the
bended potential well of parabolic form. Our analytical model
accurately predicts the impact of short-channel effects on the
eigenenergy and eigenfunction of GAA devices. This short-
channel quantum-confinement model is crucial to the ultra-
scaled GAA MOSFETs design.
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