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Abstract—Trap effects in the metal-ferroelectric-silicon
(MFS) FTJs are modeled in this work. From the charge
conservation and voltage balancing principles, traps at the
interface between the ferroelectric (FE) layer and silicon are
incorporated into the FTJs’ current-voltage characteristics. The
trapping/de-trapping dynamics are coupled to the polarizations
via a two-state model framework. The electrostatic potentials
hence the barriers of tunneling, the trap charge state, and
relaxations are all captured. Implications on FTJ operations
under different frequencies are discussed around the trap
effects on TER.

Keywords—TCAD,  Trapping/De-trapping,  self-consistent,
dynamic Compact model, Ferroelectric tunnel junction

I. INTRODUCTION

In recent years, research on ferroelectric non-volatile
memory has become increasingly in-depth and has received
widespread attention from the physical mechanisms to the
application [1-5]. Due to the simple structure and low power
consumption, Ferroelectric tunnel junctions have become
powerful candidate devices for NVM arrays and
neuromorphic circuits. For MFS and MFIS structured FTJs,
the trapping/de-trapping process at the interface can change
the internal bias and barrier height of the FTJ [6-7], thereby
affecting the critical characteristic TER, which is essential for
the performance of FTJ in large-scale circuit applications.
However, compact models for FTJ encompassing the
trapping/de-trapping characteristics have yet to be studied.
The simulation-friendly FTJ model with trapping/de-trapping

needs to possess the following characteristics: 1) reflect the
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Fig. 1. (a) Schematic of MFS-FTJ used in numerical simulation with interface
trap. (b) Band diagram of MFS-FTJ with & without interface trap and the
settings of physical features for numerical simulation is also listed.
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influence of different DOS distributions and trap density on
FTJ characteristics; 2) describe the trapping/de-trapping
process under different  donor/acceptor-traps  and
deep/shallow levels; 3) describe the process of trap capture
and emission in the time domain.

II. NUMERICAL SIMULATIONS & ANALYSIS

Fig. 1 shows the schematic diagram of the MFS-FTJ, the
band diagram, and the settings of physical features in TCAD
numerical simulation.

To analyze the physical characteristics more clearly, only
acceptor-trap is introduced [8], which is charged (uncharged)
by one electron when the trap levels below (above) the £y For
n-type Si in the accumulation state, many acceptor-traps are
occupied by electrons, allowing Si to maintain charge
conservation without excessively bending the energy band, as
shown in Fig. 1(b). However, when Vy is in the strong
inversion state, the effect of acceptor-trap on FTJ will
gradually decrease until it disappears.

Ultimately, acceptor-traps lead to a higher V' under the
same external bias of FTJ, increasing the barrier height and
reducing the tunneling current, as shown in Fig. 2.
Furthermore, with the increase of trap density, the tunneling
current in the depletion and accumulation states becomes
smaller, and the numerical simulation result in the inset is
calibrated against experimental data [9].
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Fig. 2. Numerical simulation results of Current-voltage(/-V) with different trap
density. Inset: calibration results between experimental data and numerical
simulation.



III. MODELING THEORY & METHOD

There are two types of traps (acceptor and donor) at the
interface and only acceptor-traps are focused on. The DOS
distribution of traps in energy is approximated by an
exponential distribution [10].

As shown in Fig. 3(a), two independent exponential
distributions are used to accurately describe the DOS of the
shallow trap and deep trap. Shallow traps (acceptor) are
considered in this work.
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Fig. 3. (a)Density-Of-States distribution in silicon band for acceptor-trap and
donor-trap. (b) States transition of acceptor(donor)-trap for capturing and
emitting electron(hole). (¢) Equivalent sub-circuit of the trap kinetic equation.
(d) The equivalent circuit of MFS-FTJ with considering interface trap.

The DOS of acceptor-traps in energy is given below:
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where E; represents the slope of the density of states
distribution, and g. represents the energy difference between
the Fermi level and the conduction band edge.

The value of ErE. is calculated by Eq. (2).
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The captures charge density of acceptor-trap is given
below:

Ou (VSi) =q- Ny 3

Referred to references [11-12], captures charge density
could be calculated in the time domain, as shown in Fig. 3(b).
P12(t) represents the trap unoccupation/occupation probability
and the net probability of occupied is derived as Eq. (4).

dp>(1)

e =K = pa(O]+ Ko pa() (4)

K21 1s the transition rate (probability per unit time) as
given below.
Kl2 - Vth,n O, n (Sa)

KZ] = vth,p . O-p . p

(5b)

For Eq. (5), vmnp represents the thermal velocity of carriers
and oy, is the capture cross-sections.

For the dynamic trapped electrons, Eq. 4 can be rewritten
as follows:

dNtA,NQS(t) _ Nt 7N1A,NQS(t) o NtA,NQS(t)
dt o T, T, ©)

The calculation of Eq. 6 can be facilitated by using the sub-
circuit approach, as shown in Fig. 3(c). 7. represents the
capture and emission time constants, expressed by Eq. 7, and
a is a fitting parameter.
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The dynamic captures charge density of acceptor-trap is
given below:

0u(t) =q * Nunos (8)

The trapping and de-trapping characteristics of interface
traps can be equivalent to a parallel capacitor Cyq, connected
on both sides of Cy. Due to charge balance, Eq. 9 can be
derived as follow:

QFe + QSi + Qm + QtD =0 (9)

The equivalent circuit of MFS-FTJ is shown in Fig. 3(d)
and the voltage control equation is given by:

Verr=Ve. +Va + Vf/; (10)

Where V, represents the work-function difference.

Combined with references [3-4], calculations can be
performed for the polarization characteristics (such as minor
loops and dynamic polarization), potential, and current of the
MFS-FT]J.

The overall model flowchart is shown in Fig. 4 and the
calculation of the non-quasi-static module is based on the
results of the quasi-static module.
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Fig. 4. A flow chart of MFS-FTJ with trapping/detrapping characteristic,
including a quasi-static module and a non-quasi-static module



IV. SIMULATION RESULTS & DISCUSSIONS

The trapping and detrapping process of MFS-FTJ is
simulated with the proposed model and only acceptor-traps
are considered with different E, and g.. The model simulation
results and numerical simulation results are shown in Fig. 5.
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Fig. 5. The charge density, captured by interface acceptor-trap, versus (a)(b)
Vi and (c)(d)Vezy in quasi-static cases with different g. and E;. A hysteresis is
shown at (c)(d) for the influence of polarization. Py versus Vg, for different
(e) g. and (f) E; with agreements between model and numerical simulations.
(g)(h) Si surface potentials and (i)(j) FE voltages from the model in
comparison to numerical simulations. (k) and (1) plot Current density versus
Vrry with the influence of trap.
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Fig. 6. (a) and (b) show the corresponding tunneling electro-resistance (TER)
and the read current of the ON and OFF states at V,.,q = -0.2V.

Fig. 5(a-d) show the relationship of Oy, with V; and Viry,
as the Si surface potential decreases, the Q4 exhibits an
exponential decrease, which is well-fitted by the model and
numerical simulation. In addition, due to the effect of
polarization, the Q. exhibits a hysteresis curve as the Vi
scanning direction changes. Fig. 5(e-f) shows the effect of
acceptor-traps with different distributions and densities on the
polarization, and it can be seen that when Si is depletion state,
more traps will increase the polarization under the same Viry.
Fig. 5(g-j) shows the voltages crossing the FE layer and Si
layer. Due to the compensation of QO for part of the
polarization charge, the surface potential of silicon decreases,
Vf increases, and the situation becomes more evident as Qy«p
increases. Fig. 5(k-1) show the characteristics of tunneling
current with different g. and E;. Under the influence of traps,
the increase in barrier height causes the tunneling current to
decrease overall in the depletion region. For inversion states
of Si, acceptor-traps have little effect on tunneling current
characteristics.

Fig. 6(a) and Fig. 6(b) show the effects of g. and E; on
TER and read current. It can be seen that with the increase of
gc, TER first increases and then decreases. There is an optical
value for TER. For the increase of Fj, although the read
current decreases overall, TER shows an increasing trend.

Our dynamic model couples the dynamic response of
polarization and Q. The relationship between Vy; and 7. is
shown in Fig. 7(a) and 7(b), which follow the exponential
distribution according to SRH theory. According to Eq. 7,
QOu(?) is directly related to 7. corresponding to V. It can be
observed that different Vrzy scan directions correspond to
different 7., values in Fig. 7(c) and Fig. 7(d), affecting the
hysteresis window of Quqp-Vrry. It means that TER is affected
by dynamic trapped charge.
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Vil Viry. According to SRH theory, there is exponential relationship between
7 and V. 7 exhibits a hysteresis curve as the Vpry scanning direction changes.
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Fig. 8. Response of the interface trapped charge to the applied scan voltages.

We simulated the trap capture under triangular wave scan
frequencies of 100kHz and 500kHz, respectively. The
responses of Oy to triangular waves are shown in Fig. 8. With
the increase of the triangular wave number, Quqy shows a
gradually increasing accumulation effect. In contrast, the
amount of trapped charge is lower at higher frequencies, as
shown in Fig. 8(b). This is because the rate of trapping/de-
trapping cannot keep up with the frequency of voltage.

Fig. 9(a) shows the gradual distortion of the /-V curve with
the increase of the triangular wave number at 100kHz.
Obviously, the accumulation of Q.4(¢) with the increase in the
number of triangle waves also affects TER. Fig. 9(b) shows
the I-V curve at the fifth triangular wave for different
frequencies and with the frequency increases, the distortion of
the current curve becomes more severe. With or without
interface trap, the trends of TER and read current are
consistent, as shown in Fig. 9(c) and Fig. 9(d). It means that
trapping/de-trapping and the dynamic switching process of
polarization are tightly coupled.
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Fig. 9. Current characteristic responding to (a) the numbers of triangle wave
voltage and (b) the different frequency. Coupling dynamic polarization
response, the TER and read current density under different frequencies (c)
without considering trapping/detrapping and (d) with considering
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V. CONCLUSION

In this work, a compact model is proposed for MFS-FTJ
with coupling dynamic polarization and trapping/de-trapping
process, which could effectively reflect the influence of
different trap type, density and frequency dependency. The
compensating effect of interface traps on the band bending of
Si surface is revealed and analyzed with model and numerical
simulation.
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