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Abstract

This work investigates and compares the intrinsic inversion
capacitance (Cinv) of double-gate (DG) and ultra-thin-body (UTB)
device structures with high-mobility InossGaos7As channel using
guantum-mechanical simulation corroborated by theoretical model
calculation. Our study indicates that quantum capacitance will
significantly impact the characteristics of intrinsic Cinv and lead to an
apparent Cinv degradation in both device structures due to small
electron effective mass of the InGaAs channel. Based on the ITRS
2018 to 2024 technology nodes, our study indicates that the mobility
enhancement of the DG and UTB devices should be at least ~2.7X
and ~2X, respectively, to compensate the drain-current loss due to the
quantum-capacitance induced inversion-charge loss. Our study may
provide insights for device designs using high-mobility 111-V channel
materials.

Introduction

I11-V channel materials such as InGaAs are promising
alternatives to Si due to small effective mass and higher carrier
mobility for n-MOSFETSs [1]. Although the higher permittivity makes
them more susceptible to short-channel effects, it can be mitigated by
ultra-thin-body (UTB) or double-gate (DG) structures. Small electron
effective mass and low density-of-states (DOS) of 111-V channel
materials, however, may lead to quantum capacitance (Com) [2], [3],
resulting in the loss of drive current because Cqom reduces the intrinsic
inversion capacitance (Cinv) especially for devices with small
dimensions [4].

In this work, with the aid of Poisson-Schrédinger numerical
simulation corroborated by theoretical calculation, the Cinv
degradation and the inversion-charge loss due to the impact of
guantum capacitance are investigated and compared for UTB and DG
InGaAs n-MOSFETSs based on the ITRS 2018-2024 technology nodes
(see Table I) [5].

Methodology

Figs. 1(a) and 1(b) show the schematics of UTB and DG devices
in this study. Pertinent device parameters based on the ITRS
2018-2024 nodes are listed in Table 1. Using coupled
Poisson-Schrodinger numerical simulation [6] corroborated by
theoretical model calculation, the impact of quantum capacitance on
the intrinsic Cinv for UTB and DG devices is investigated. Fig. 2
outlines the methodology of our model calculation. The inversion
charge (Qinv) of the DG devices can be obtained through solving the
¢s at a given Vg with Egs. (2) and (4) iteratively. Similarly, the Qinv Of
the UTB devices can be obtained by Egs. (3) and (4). The Cinv can
then be derived by Eq. (1). Our model shows a fairly good agreement
with the numerical simulation as shown in Fig. 3.

Results and Discussion

Fig. 3 shows that the Cinvof UTB and DG InGaAs devices possess
a step-like Cinv vs. Vgst (gate-voltage overdrive) characteristic. This is
a signature of the energy dependence of 2-D DOS (see Eq. (5) in Fig.
2). For a given sub-band, 2-D quantum capacitance remains a
constant until the energy is high enough to reach the next sub-band.
As a result, the Cinv exhibits a step-like behavior (Fig. 3). Since the
UTB device possesses stronger electrical confinement than that of
DG due to its stronger vertical electric field, the UTB device needs
higher Vy to reach the second sub-band. This explains why there is
only one plateau in Fig. 3(b). Fig. 4 shows the normalized Cinv
characteristics for DG and UTB InGaAs devices with various
technology nodes. It can be seen from Fig. 4(a) that the normalized
Cinv decreases with decreasing Tech.

Fig. 5 shows that the UTB device exhibits larger normalized Qinv
than the DG counterpart for all the technology nodes considered. This
can be elucidated by Fig. 6. In Fig. 6, Coxand Ccentroid can be lumped
as Coxefr, then the normalized Cinv of UTB and DG devices can be
expressed as Cinv't = Coxeft 1+ Com? and Cinv't = Coxeft 1+ Z(CQM'l).
respectively. This explains why, for a given Tcn, the normalized Cinv
(and thus the normalized Qinv) of the UTB InGaAs device is larger
than the DG counterpart (Fig. 5).

Fig. 7 shows that there are no step-like characteristics for both the
UTB and DG Si devices. Namely, the impact of quantum capacitance
is negligible for Si devices due to its large effective mass [7]. Figs.
8(a) and 8(b) show the Qinv ratio of Si to InGaAs channel
(Qinvsi/Qinv,incaas) for DG and UTB devices, respectively, with
various technology nodes. It indicates that the mobility enhancement
of the InGaAs devices should be at least ~2.7X for DG structures and
~2X for UTB structures for compensating the excess
inversion-charge loss due to quantum capacitance. Note that, if the
Ten of the UTB device is one half that of the DG one (with
comparable device electrostatics), the required mobility enhancement
of the UTB device (~1.8X) is also lower than that of the DG device.

Acknowledgement

This work is supported in part by the Ministry of Science and Technology,
Taiwan under contracts MOST 104-2911-1-009-301 (I-RiCE) and MOST
102-2221-E-009-136-MY2, and in part by the Ministry of Education, Taiwan
under ATU Program.

References

[1] S. Takagi et al., IEEE TED, Jan. 2008.
[2] S. Mudanai et al., IEEE TED, Dec. 2011.
[3] D. Jin et al., IEDM, Dec. 2009.

[4] H.-H. Shen et al.,VLSI-TSA, Apr. 2015.
[5] ITRS (http://www.itrs.net/)

[6] ATLAS User’s Manual, SILVACO

[7] R. Granzner et al., IEEE TED, Dec. 2011.

_44 -



Table I. Pertinent device parameters from ITRS DG a 20 UTB
2018-2024 nodes [5] $InGaAs InGaAs
£ *2{Ter=8.5nm £ "®1Ten=8.5nm
Year 2018 2021 2024 £ £
Ten 8.5nm 6.1nm 4nm TS s - :
EOT 0.68nm 0.59nm 0.50m T o Simulation | %™ Simulation
© o3 s Model O o4y 2 2 Model
Gate Gate Y ) S —
0.0 01 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Gate Overdrive(V) Gate Overdrive(V)

s|[To |0

(@) (b)
S Tch . . . . i
Fig. 3 Simulated and modeled Cinv (normalized with total width) for (a) DG, and

(b) UTB InGaAs devices with the 2018 technology node.
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Fig. 6 Inversion capacitance models for (a) UTB, and (b) Fig. 8 Qinv ratio of Si to InGaAs channel for (a) DG, and (b) UTB devices with
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