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Abstract—Two-dimensional materials like molybdenum disul-
fide (MoS,) are viable candidates for future ultra-scaled stacked
nanosheet field-effect transistors. For current transistor proto-
types based on 2D materials, a hysteresis in the transfer char-
acteristics is often observed. Threshold voltage hysteresis in 2D
FETs is typically ascribed to insulator traps. While fast interface
traps are typically associated with changes in the subthreshold
swing, here we show that they can also contribute to the hysteresis
at low temperatures and fast operating frequencies. We employ
the full quantum-mechanical non-radiative multi-phonon model
to analyze trap-mediated charge transition in monolayer (1-L)
MoS; FETs at 300K and 77 K. Simulating the trap responses
over a wide range of parameters reveals that, depending on the
trap properties, the charge transition is either thermally activated
or dominated by nuclear tunneling. We further demonstrate that
the hysteresis of thermally activated traps can shift into the
measurement window at low temperatures.

Index Terms—2D materials, MoS, FETs, fast interface traps,
reliability, hysteresis, physics-based models

1. INTRODUCTION

Monolayer (1-L) molybdenum disulfide (MoS;) has
emerged as a promising channel material due to its large
direct band gap (FE¢) and decent mobility (x) at sub 1 nm
thickness [1], [2]. However, unfavorable band alignments and
immature processing frequently result in observed hysteresis
(AV4h) in the Ip(Vg) transfer characteristics [3]-[5]. While
slow border traps are responsible for AV; at room temper-
ature, interface traps are too fast to contribute and hence
lie outside the typical measurement window of hysteresis
measurements at room temperature [3], [6]. In particular,
charge traps associated with MoS, itself typically show a
small time constant distribution due to the crystalline nature of
MoS; [3], [7]. Measurement methods that can be used to study
fast interface traps at room temperature include admittance
spectroscopy, hence capacitance voltage measurements on
suitable test structures with a large enough area, and current
transient spectroscopy [8], [9].

This work sheds light on the mechanisms of charge transi-
tions (CTs) at interface traps in 1-L. MoSy FETs at cryogenic
temperatures, which has recently been the focus of several
experimental studies [10]-[12]. We analyze the CTs using
a full quantum-mechanical nonradiative multi-phonon (NMP)
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Fig. 1. (a) Schematic of a top-gated MoS2 FET used in our TCAD
simulations. (b) Energy band diagram at flatband conditions showing
traps at the MoS2/HfO: interface with mean trap level <ET) =
0.48 eV below Ec. (c) Simulated Ip(Va) for up/down sweeps at
fsw=1kHz. (d) Magnified view of AV}, extracted at Iin=10"° A/pm.

model [13] and derive their theoretical hysteresis AV} re-
sponse at different frequencies and temperatures. Within the
harmonic approximation, potential energy curves (PECs) of
distinct diabatic electronic states are modeled within a grid
of trap levels (Er), relaxation energies (Er) and the con-
figuration coordinate change (A(Q). We evaluate the tem-
perature dependence of the CTs and thereby identify which
parameter combination allows a trap to contribute to the
hysteresis AV4, in the transfer characteristics at cryogenic
temperatures. We show that particular traps with small AQ
are remarkably temperature-insensitive and typically do not
exhibit AV}, measurable using the frequency ranges employed
for conventional Ip(Vg) curves (mHz to kHz) [10], [14]. Fur-
thermore, by systematically sampling the three-dimensional
trap parameter space (ET, Er, AQ) and tracking the sweep
frequency response at 300 K and 77 K, we provide a theoretical
understanding of the temperature dependence of hysteresis.



II. TCAD MODELING

The schematic of a top-gated 1-L MoSs FET as simulated
with our 1-D TCAD simulator Comphy [14], [15] is shown
in Fig. 1(a). The device geometry is based on MoS, FETs
recently reported by Intel [16] with a 0.65nm thin MoS;
channel with Eg= 2.06eV [17] and a 4.3nm HfO, top gate
oxide with Eg= 5.7 eV along with their electron affinities ()
amounting to 4.2eV [18] and 2.7eV [19] respectively. The
gate work function (Evy) and the channel mobility (i) are set
to 5.2eV [20] and 80 cm? /Vs [21] respectively. We use the
same device dimensions as in [3] with W=1 ym and L= 5 pm.
Fig. 1(b) shows the energy band diagram with interface traps
at Vo= 0 V. Fig. 1(c) presents the simulated Ip(V5) at a sweep
frequency of fs,, = 1kHz and Fig. 1(d) highlights AV} in a
magnified view.

III. ANALYSIS OF THE CHARGE TRAPPING MECHANISMS

The fast interface traps with an assumed density of
Niy = 10'2 cm~2 [3] are modeled using the full quantum me-
chanical (QM) NMP charge transition rates based on Fermi’s
golden rule [22]:
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Here, 012 represents the electron-phonon coupling matrix
element, Ey, and Eg are the vibrational eigenenergies with
indices « and 3 of the initial and final charge states 1 and 2.
Ma and 7o are the vibrational wave functions and Z is the
canonical partition function.

According to eq. (1), the CT is governed by the overlap of
the vibrational wave functions |(114|72s)|. For this reason, a
CT can also occur below the intersection point (IP) of the traps
PECs, including the vibrational ground state. This is shown
for an exemplary trap with weak electron-phonon coupling in
Fig. 2(a). The IP is also often labeled as the classical energy
barrier of the charge transition [13], [14], [23]. Conversely,
CTs occurring far below the IP are referred to as nuclear
tunneling (NT) processes in this work.

The PECs for a trap with strong electron-phonon coupling
are sketched in Fig. 2(b). Because there is only a vanishing
overlap of the vibrational wave functions in the ground states,
CTs can almost exclusively occur when higher vibrational
states become occupied by thermal excitation. Such traps are
therefore referred to as thermally activated (TA) in this work.

Using the simulation setup described in Section II, we
calculated the impact of a single trap on the time-dependent
threshold voltage shift (AV;,) of Ip(Vg) employing the
charge-sheet approximation (CSA):
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Thereby, the charge at the trap is treated as a uniform sheet
parallel to the 2D channel/oxide interface [3], [15]. Q; is
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Fig. 2. PECs within the harmonic approximation including the
vibrational wave functions 7,3 for two selected trap combinations:
(a) NT dominated trap with weak electron-phonon coupling compared
to a TA trap with strong coupling in (b). Simulated AV}, vs fsy for
(c) the NT trap and (d) the TA trap at 7' = 77K and 300 K. Shaded
regions indicate fsv outside the typical measurement window.

the product of elementary charge and the trap occupation
probability, ¢,x denotes the oxide thickness, ¢ is the vacuum
permittivity, and &, is the relative permittivity of the oxide.
AV describes the change in the threshold voltage due to the
additional charge at the interface trap (J; caused by capture
of an electron.

The frequency at which AV} peaks, denoted as fpeak, iS
temperature dependent and can be extracted to characterize
the dynamic behavior of the trap. AV} as a function of
fsw for a NT dominated trap is shown in Fig. 2(c) for
T =77K and T' = 300K. fpeak exhibits a small shift when
the temperature changes, because even QM tunneling retains
a slight temperature dependence [24]. However, the hysteresis
still remains outside of the measurement window at 7' = 77K
in this case. On the contrary, for a TA trap, fycax moves inside
the measurement window at lower temperatures as shown in
Fig. 2(d). Were remark that the applicability of our TCAD
model at fs, exceeding approximately 1 GHz is unclear,
primarily due to limitations of the drift-diffusion model [25]
and the frequency-dependent behavior of permittivity [26].

To further assess the contribution of fast traps on AV},
we simulate their response across a wide range of sweep
frequencies (fsy) considering a grid of trap parameters
(ET, Er, AQ), with Et ranging from the MoS, conduction
band edge, Fc, to near midgap, g from 0.1 to 4.0eV and
AQ from 0.3 to 3.0 A - amu'/2 [22], each discretized with 10
steps.

A trap will only contribute to AV}, if it can capture (7.)
an electron during the up sweep but is too slow to emit (7)
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Fig. 3. Proposed simulation flow to identify trap-mediated charge
transfer as either TA or NT dominated. For each combination of
trap parameters (Et, Fr and AQ), AV; is simulated at 300 K
and 77 K and the peak sweep frequency (fpeak) corresponding to
maximum AV, is extracted. The change in fpeax is quantified by
X = 10g10 (fpeak,SOO K/fpeak,77K)-
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it during the down sweep, meaning 7. < T ; Tc < 1/fsw
and 7. > To; Te > 1/ fsw during the down sweep [3], [27].
Here, 7. = 1/k12 and 7, = 1/ko;. Furthermore, the strong
dependence of AVL, on sweep frequency (fsw = 1/tsw) is
shown in Fig. 2(c-d) [3], [16], [28], [29].

Fig. 3 outlines the proposed simulation workflow, classify-
ing CT due to fast interface traps as TA or NT dominated
based on the criterion

X = 10g1o (fpeak,300 K >

fpeak,’??K

3

with fpeak,300x and fpeak 77k denoting the peak frequencies
at 300K and 77K, respectively. The criterion considers the
impact of temperature on the time constant (7) distribution.
At lower temperatures the average defect capture and emis-
sion times 7 increase, thereby shifting the overall observed
hysteresis AV}, towards slower fs, [30].

Fig. 4 shows a statistical distribution of X across 1000
parameter sets, where X > 1 indicates TA behavior, caused by
a significant shift of fj,car from 300K to 77 K. For this reason,
the upper limit of NT is chosen as X = 1. Fig. 5 depicts the
distribution of X over the full defect parameters space. The
properties of the two defects from Fig. 2(a) and (b) are also
highlighted.

Typically, TA dominates at higher Fr and AQ (strong PEC
coupling) while NT is favored at lower values (weak PEC
coupling) [7], [14]. NT involves smaller AQ and thus larger
vibrational overlaps, whereas larger A(Q) suppresses tunneling,
leading to a more classical TA behavior [3], [22].

The Arrhenius plots for fyeak of six selected defects shown
in Fig. 6 demonstrate the temperature-insensitivity of NT
dominated traps while TA traps can become measurable at
lower temperatures. This shows that even works that claim
“hysteresis-free” transistors based on measurements at room
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Fig. 4. Statistical classification of charge transfer mechanisms based
on the log-scale criterion X across 1000 trap parameter combinations.
Defects with X > 1 are classified as TA traps.

temperature might very well show a sizable hysteresis under
different measurement conditions, i.e. lower temperatures or
faster sweep rates [31], [32].
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Fig. 5. Distribution of the criterion X as a function of the trap

parameters across 1000 simulations: (a) EFr vs Ec-Et (b) Er vs AQ
(¢) AQ vs Ec-Et. The red areas and blue areas indicate TA and
NT dominated mechanisms, respectively. Here, the blue diamonds
and the yellow boxes represent the NT and TA traps with parameters
(Er, Er, AQ) discussed in Fig. 2(a) and (b).

IV. CONCLUSIONS

This work elucidates the dynamic behavior of fast interface
traps in 1-L MoSy FETs using a full quantum-mechanical
NMP model framework for identifying critical traps that will
result in measurable AV}, or random-telegraph noise at lower
temperatures. By mapping a broad trap parameter space and
introducing a temperature-based classification criterion, we
distinguish thermally activated and nuclear-tunneling-driven
charge-transfer mechanisms. Our results highlight that even
traps traditionally considered too fast to generate hysteresis
at room temperature can become relevant under different
measurement conditions, emphasizing the importance of com-
prehensive trap characterization for future 2D device reliability
assessments.
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