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The gain compression and excitation of higher order harmonics in 3 nm wide on-insulator type FinFETs is
investigated. The high computational burden related to the time-resolved analysis of such three-dimensional
devices is dealt with by applying a mode-space approach onto a Quantum Liouville-type Equation. With this
approach an increase in gain compression and higher order harmonic distortion is observed when decreasing
the fin height from 5 to 3 nm.

1. Introduction

Current interest in analog and mixed signal circuits is as high as
ever, with applications ranging from mixers and general systems on
chip (SoC) to specialized architectures for high-performance computing
(HPC) that can possibly outperform their digital counterparts [1].
Multigate-FETs with Gate-All-Around- (GAA) and Fin-type gate archi-
tectures are especially important due to their excellent channel control
and ease of integration into stacked transistor structures [2].

For amplifier and mixer applications, time-resolved quantum trans-
port simulations are necessary in order to study the nonlinear behavior
of these multigate-FETs. Quantum Liouville-type approaches in particu-
lar have been demonstrated to be well suited [3], but have been mostly
limited to either stationary or transient but low-dimensional devices in
the past (e.g. [4]).

In this contribution, the approach is extended to the three-
dimensional regime utilizing a Quantum Liouville-type Equation
(QLTE) in order to evaluate the gain compression in FinFETs. To further
reduce the computation time, the transport is effectively projected
onto the dominant transport direction. This is done by approximating
the density matrix in transport direction with an expansion in terms
of the eigensolutions of Schrodinger’s equation in the confinement
direction, the so-called modes [5,6]. The resulting method is called
mode-space approach, which enables the efficient and self-consistent
transport modeling.

Therefore, the approach to be presented is perfectly suited for the in-
vestigation of the charge carrier transport in nanoscale Multigate-FETs
in the time-domain. As quantum confinement is inherently included
with this method, the impact on RF characteristics, e.g. THz gain
compression, can be studied. An increase of nonlinearities as a result
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of quantum confinement has been predicted in simulations previously,
though only a simple harmonic balance method was used [7]. As an
example, with our approach this effect is confirmed and can be studied
in more detail.

2. Quantum transport in mode-space

An appropriate method based on the solution of a Quantum Liou-
ville type equation (QLTE), which is self-consistently solved along with
Poisson’s equation, is extended to allow an efficient three-dimensional
analysis. Ballistic transport and a constant effective mass m is assumed
here, though the ansatz presented is perfectly suited for an exten-
sion to account for scattering, as well as a spatially varying effective
mass. First, Schrodinger’s equation in the effective mass- and Hartree
approximation
h2
2m*

zh%‘P(x, yz,0) = <— V24 V(r)> W(x, y,2.1) )

is solved assuming a carrier confinement in the yz-plane and a domi-
nant transport in x-direction. This results in modes m described by their
wave functions y,,(y, z,7) and corresponding subband energies E,,. The
expansion of the wave function ¥ of Schrédinger’s equation in terms
of the modes y,, leads to the ansatz

VX, 3,20 = D 0% D9, 2.1), @)

where the expansion coefficients ¢,, have been introduced. Introducing
the coupling terms K,,, ; and K,,,», the following Schrédinger equations

E-mail addresses: mathias.pech@tu-dortmund.de (M. Pech), dirk2.schulz@tu-dortmund.de (D. Schulz).

https://doi.org/10.1016/j.sse.2022.108485

Available online 19 October 2022
0038-1101/© 2022 Elsevier Ltd. All rights reserved.


http://www.elsevier.com/locate/sse
http://www.elsevier.com/locate/sse
mailto:mathias.pech@tu-dortmund.de
mailto:dirk2.schulz@tu-dortmund.de
https://doi.org/10.1016/j.sse.2022.108485
https://doi.org/10.1016/j.sse.2022.108485
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sse.2022.108485&domain=pdf

M. Pech and D. Schulz

result, which can be rewritten for each mode y,,:
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From here on, only the self-coupling terms K|, ; and K,, , corresponding
to the diagonal coupling terms n = m are taken into account. For the
FinFETs considered in this paper, the self-coupling terms are small in
comparison to the other coefficients in (3). As it can be seen from (3),
the term for K,,, can be interpreted as an additional potential and thus
leads to the idea of introducing the effective potential

Km,Z(x’ t) (4)

for each mode m. As is the case with the modal Schrodinger Eq. (3), a
modal density matrix

V,(x,t) = E, (x,1) —
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can be derived [8], which is then inserted into the von-Neumann

equation

J [
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After a transformation of the density matrix p,,(x,x’) onto the center-
of-mass coordinates y and &, with the former indicating the transport

direction, the following functions
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are introduced. After applying a Fourier transform in ¢ direction, the
QLTE in the so-called mode-space can be derived as
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Here, k" = k — k' has been introduced and the tilde denotes integral
kernels regarding Kli and B similar to those of a prototype function
U [9]:

U(x,k”)=_/wdéeXP(—i(k")f)-U(x,§) ©)

The total charge carrier densities and current densities can then be
calculated from the modal Wigner functions f,, as discussed in [4].

3. Investigation of gain compression in FinFETs

Key parameters regarding the size of the FinFET in question are
shown in Fig. 1. Two different FinFETs with a fixed fin width of
3 nm and fin heights of 3 and 5 nm are considered for demonstration
purposes. The undoped Ing53Gag 47As channel is 10 nm long, as is
the gate contact. The electron affinity of the channel is y = 4.5 eV.
For the oxide and gate material SiO, and Ag are chosen, respectively
with a metal work function of ¢ = 4.74 eV assumed for the latter.
The source and drain regions on either end of the device are n-doped
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Fig. 1. Schematic of the FinFET with all dimensions in nm.
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Fig. 2. Subband energies belonging to the 3 lowest energy modes along a 3 x 3 nm
and a 3 x 5 nm FinFET. The subbands 2 and 3 are nearly degenerate in case of a
3 x 3 nm channel.
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Fig. 3. Transfer curves of the FInFETs with marks indicating the operating points.

with N, = N, = 210" em™3. The eigenvalue problem resulting
from Schrodinger’s equation in confinement direction is solved by
using the Lanczos algorithm with Dirichlet boundary conditions and
the assumption of a spatially varying effective mass. It is solved at
each time step in the transient case. The QLTE is discretized utilizing a
finite volume scheme as described in [9]. Inflow boundary conditions
to model carrier transport in and out of the device are adopted for
the mode-space approach [8,10] and a complex absorbing potential is
added to avoid nonphysical solutions [11].
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Fig. 4. Time-dependent drain-end current density at V, = 0.025 V (—) and V, =0.175
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Fig. 5. Normalized and squared Fourier coefficients of input (gate voltage) and output
(drain-end current density) for the center frequency f, and the higher order harmonics
/i and f,.

Stationary results. In order to determine the operating points V;, for the
transient simulations, the stationary QLTE and Poisson’s equation are
solved iteratively for a constant gate voltage until the Hartree potential
Vy of succeeding iterations n and n — 1 converge in terms of the norm
vy - V,j‘l ||, thus achieving self-consistency. In Fig. 2, a comparison of
the resulting subband energies along a 3 x 3 nm and a 3 x 5 nm FinFETs
is shown. As expected, decreasing the fin height leads to higher subband
energies, as well as nearly degenerate modes in case of the symmetric
3 x 3 nm channel. The transfer behavior is shown in Fig. 3. As it can
be seen, the 3 x 3 nm FinFET offers a higher gain but has a higher
threshold voltage as a result of the higher subband energies

Transient results. A harmonic gate voltage of V; = Vy+V, -sinQx - f;-1)
with a center frequency f, = 250 GHz is applied for 18 ps with a
time step width of 2 fs and a constant drain source voltage Vg of
1 V. Values from 0 V to 0.3 V are chosen for the amplitude V, with
increments of 4V, = 0.025 V. As it is evident from Fig. 4, compression
during the positive half-wave takes place sooner in the 3 x 3 nm FinFET
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when compared to the 3 x 5 nm FinFET, thus leading to an expected
increase in distortion. The drain-end current density is also analyzed in
terms of the spectral components at f, = 250 GHz and the harmonics
/1 =500 GHz and f, = 750 GHz. As it is evident from Fig. 5, increasing
the channel dimensions from 3 x 3 nm to 3 x 5 nm leads to less
excitation of higher order harmonics and higher gain for f,.

4. Conclusion

In case of the two FinFETs considered, a decrease of the fin height
and thus increase in quantum confinement is shown to lead to a
rise in nonlinearities and distortion. Here, further work investigating
different channel dimensions and gate architectures is needed in order
to optimize amplifier behavior for class-A or class-C operation. Because
of the flexibility and efficiency of the mode-space approach, the method
can also be extended to atomistic models, the study of transport at low
to cryogenic temperatures or spintronic devices, where external fields
have to be included.
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