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Single Trap and Low Frequency 1/f Noise Modeling in MOSFETSs with

Dirac Materials or 2D Semiconductor Channel

R. Goswami'>*, P. Palestri!, L. Selmi!

'Department of Engineering “Enzo Ferrari”, University of Modena and Reggio Emilia, Modena, Italy
’Department of Electronics and Communication Engineering, Tezpur University, Assam 784028, India

Low frequency noise models for transistors based on 2D materials are prospective tools for assessing
the impact of traps on device performance and reliability. However, until now scarce data are available
mostly due to limited sample reproducibility. Furthermore, analysis is also limited to using compact
analytical formulas since only recently TCAD tools have been extended to properly manage 2D
materials. This work aims to expand physics-based noise modeling in the realm of devices featuring 2D
material channels. It presents a model of trapping-detrapping noise (TDN) based on carrier number
fluctuation (CNF) theory in single gate (SG) MOSFETs with graphene (Gr) or MoS; as channel
materials. The model is validated with results from a calibrated, technology computer-aided design
(TCAD) tool and with available experiments. The CNF model has been proposed to be adequate in 2D
materials [1]. For a single trap in the gate dielectric, it provides a drain current noise spectral density [2]
as Sip = Sap,- 4% [(@dlp/dQen)- (dQen/dQe)? (1), where, Sy, = 4f:(1— f)7/(1 + (2nfD)?),
f¢ 1s the trap occupation probability, f is the frequency, and t is the trapping time. With the help of
Fig. 1 (a), we propose dQcn/dQ = [1 — (20/Tpx)l[Cpos/ (Cpos + Cox)] for the transfer function
between the change in trap charge (trap located at z =z, ) and the change in channel charge.
Generalization of the term [1 — (z,/T,,)] to composite gate stacks has been given in [2]. This
expression is validated against TCAD simulations in Figs. 1 (b) and (c) where the DoS capacitance,
Cpos, 1s evaluated either from the DoS of graphene or of a 2D material. We also write dI,/dQ., =
(dIp/dVes)- (dVs/dQcn) = gm/(WLG Ceq): where, Ceq = CposCox/(Cpos + Cox), and gm, W
and L, have usual meanings. By replacing the expressions above in (1), the input-referred gate voltage
noise spectral density can be expressed as Sy = Sip/gm = Sag,s 42/ (WLgCox)*.[1 = (20/To:)]*(2)

Figures 2 and 3 compare the models in (1) and (2) with TCAD simulations of the trapping noise
[3, 4]. The relative position of the trap energy level with reference to the Fermi level, E; — Ep, is
carefully optimized to ensure that simulations with the non-local tunneling model converge to have
observable noise output. For inelastic tunneling to traps, the Huang Rhys factor and phonon energy
have been considered in accordance with [2]. The model shows consistent match with TCAD simulation
for both graphene and MoS,; considering both elastic and inelastic tunneling. The terms, t and f;, have
been extracted directly from the TCAD simulations.

Subsequently, the CNF model for a single trap is extended to low frequency 1/f noise by
integrating (1) for multiple traps distributed in energy and space in the gate dielectric. The low
frequency model 1/f noise model is validated by comparing it with the experiments in [1] as shown
in Fig. 4 and found to exhibit an excellent match. Consistently with [1], the model predicts different
effective trap concentrations at the Fermi level corresponding to the different biases and proves as an
effective starting tool to aid noise data interpretation in MOSFETs with 2D material channels.

* Corresponding author: email: rupam.goswami@unimore.it.
This work was supported by European Union through the AttoSwitch Project under Grant GA: 101135571.
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Figure 1. (a) Schematic showing the capacitance divider leading to the expression of dQ.,/dQ,, for a single
trap at z, in gate dielectric; (b) dQ.,/dQs Vs zg at different Vg (i.e., different DoS at the Fermi level)
for a single trap in SG Gr MOSFET; (¢) dQ.,/dQ: vs z, for a single trap in SG MOSFET with 2D
semiconductor channel. m,ff/m, is changed to check the DoS dependences. T, = 4nm, g5, = 228y, Lg =

30 nm,W =1 um,Vps =10 mV,qxgr = qPyrrer = 4.6 €V,qXuos2 = QPumoszrer = 43 eV
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Figure 2. Sy, atafew different z, considering (a) elastic transitions, (b) inelastic transitions for a single trap
in a SG Gr MOSFET; (c) same as (a) but for S;. Note the Lorentzian shape (flat and then going as 1/f?2)
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Figure 3. Sy as a function of frequency at different z, considering (a) noise model with experiment in
elastic, (b) inelastic transition for a single trap in a SG MoS, MOSFET [1] for Gr MOSFETs.
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