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A Compact Model of
Metal-Ferroelectric-Insulator-Semiconductor
Tunnel Junction

Chien-Ting Tung, Graduate Student Member, IEEE, Girish Pahwa, Member, IEEE, Sayeef
Salahuddin, Fellow, IEEE, and Chenming Hu, Life Fellow, IEEE

Abstract—In this paper, we present a compact model of
metal-ferroelectric-insulator-semiconductor (MFIS) tunnel
junction. Unlike the metal-ferroelectric-metal structure with
only one insulator layer, MFIS-FTJ contains two insulator
layers and a semiconductor electrode. The complex
structure makes it difficult to self-consistently solve the
Poisson and charge equations. We report the first compact
model of MFIS-FTJ to our knowledge. Previous modeling
studies focused on numerical simulation, which is
time-consuming and not applicable to circuit simulation.
The presented compact model is suitable for commercial
SPICE IC simulation. It includes a ferroelectric model that
can capture polarization switching under arbitrary applied
voltage, an insulator-semiconductor model that calculates
the potential profile of the MFIS stack, and an analytical
tunneling current model. We demonstrate that this model
can be used to simulate and fit both n-type and p-type
MFIS-FTJs.

Index Terms— Compact model, ferroelectric, ferroelectric
memory, hafnium zirconium oxide (HZO), ferroelectric tunnel
junction (FTJ).

|. INTRODUCTION

Ferroelectric tunnel junction (FTJ) is a nonvolatile memory
first proposed by Esaki et al. in 1971 [1]. FTJ, due to its
good scahbility, low-power consumption and non-destructive
reading [2], is a promising candidate for future nonvolatile
memories. In 2011, discovering the ferroelectricity in HfO» [3,
4]made FTJ compatible with CMOS technology. The original
FTJ is based on the metal-ferroelectric-metal (MFM) structure.
The tunneling electroresistance (TER) ratio comes from the
difference in screening lengths of two electrodes causing the
variation of the barrier heights in different polarization states
[5, 6]. Due to the limited change in barrier heights, this
structure suffers from low TER matio. To improve TER ratio,
the metal-ferroelectric-insulator-semiconductor (MFIS) FTJ is
developed. It hasa much larger variation in the semiconductor
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surface potential than metal. A TER ratio over 30 has been
reported in an ntype MFIS-FTJ with 4nm-HZO [7]. A p-type
MFIS-FTJ with 1nm-HZO has also been fabricated with the
on-current up to 1 A/cm? [8]. With the growing interest in the
FTJ device, a SPICE-compatible compact model of MFIS-FTJ
is needed.

Although the compact model of MFM-FTJs has been
studied [9, 10], there isn’t a compact model of MFIS-FTJs.
Unlike MFM-FTJ models that only need to consider the
electron tunneling through one potential barrier, an MFIS-FTJ
model needs to consider two potential barriers. Furthemmore,
due to the effect of the ferroelectric polarization on the band
structure, the gate tunneling current model used for the
HK-dielectric stack [11] cannot be applied in these devices.
Previous modeling studies of MFI S-FTJs numerically calculate
the energy band diagram and use the WKB approximation or
the NEGF method to simulate tunneling current. This is not
suitable in circuit simulations because of the significant
computational time [12-15].

In this paper, we present and demonstrate a compact model
of MFIS-FTJs. Starting with the polycrystalline ferroelectric
capacitor model we previously developed [16], the present
model calculates ferroelectric polarization and the potential
profile of the entire MHI S stack self-consistently. The potential
profile is then used to calculate the tunneling current. This
model has good computational efficiency and models the
experimental data of MFIS-FTJ well.
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Fig. 1. Schematic band diagram of an MFIS-FTJ and its equivalent circuit.
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II. MODEL

A. Ferroelectric model

An MFIS-FTJ canbe seen as a ferroelectric (FE) capacitor in
series with an insulator-semiconductor (IS) capacitoras shown
in Fig. 1. To calculate the polrization of the FE capacitor, we
start with the FE capacitor model developed in our previous
work [16]. This FE model considers a polycrystalline FE
material that has many crystalline grains or grain groups. Each
group has a local field-dependent switching rate characterized
by a material parameter 7 , which varies due to random
variations of the local material properties such as crystal
orientation, stress and stoichiometry. This local switching rate
is shown in (1) known as the Merz’s law [17], where E, is the

is the
characteristic time for a very lrge E., and « is a fitting

activation field, E. is the electric field, 7,

parameter.
Under a positive E., the positively polarized area A, is

assumed to increase according to (2) and A, has an

exponential dependency of the accumulative time in a greement
with previous experiments and models [18, 19] shown as (3).

A, is the totalarea of the specific 7 group, {; is the time when
E polarity changes, and f# is a fitting parameter. By
summing up the A , of all the 7 groups, we obtain the total
positively polarized area A, and calculate the polarization by
(4), where A is the total area of the device, f(7)is the

probability distribution function of 77, and Py is the remanent

polarization.
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= ifE.(t) <0,
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P(t)=P, X[ZATm—l], (4b)

The capacitor’s total charge density is the sum of the
polarization and the charge of background dielectric of the FE
capacitoras (5). This is also the semiconductor charge density

(perarea), Q, .
Q = _(P(t)+gFEVFE /tFE)’ 5)

B. Semiconductor surface potential calculation
Q, can be used to cakulate the semiconductor surface
potential, y, using (6) [20]. N, is the doping density and n; is
the intrinsic carrier density.
0.5
1ﬂ ,

oy, 0 er Qv
Q, = #2565k, TN, | | €T =225 1 |4 | g toT 4 s
kT N kT

(6)

B d
This equation has no explicit solution for i, asa function of

Q, and must be solved iteratively. High computational speed is

of prime importance for compact models for suppotting the
simulations of large memory circuits. Therefore, a good initial
approximate solution for reducing the iteration cycles is of
prime importance.

In the accumulation region, the initial approximation of y/,
is the following.

Z=—exp —[ Q
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In the depletion and inversion region, the initial approximation
is the following.
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If z>10% then
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2
kgT N2 Q
w=————2In|| —=—— +1|, (8e)
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W (z) and W_, (z) are the hmbert W functions. y in (7b)and

(8b) are used to tune the approximation at small Q, and
improve the convergence. The condition z <2 is chosen to
avoid the spike m (8c) if z is close to 1. The condition
z>10%° is introduced due to the numerical limitation of
exponential in numerical computation. The value can also be
adjusted depending on the simulator used. In Fig.2, the initial
approximation is already very close to the Q, obtained by (5)

using i, asthe input.Halley’s iterative method is used to solve
(5) to get the surface potential [21]. In most cases, the iteration
converges in 2 or 3 cycles. From the semiconductor surface
electrical potential and field, the voltage drop across the
insulator can be computed. Finally, the teminalvoltage V; of
the insulator-semiconductor capacitor is the combination of the
flatband voltage V., , the insulator voltage and the
semiconductor surface potential. For p-type, the equations are

similarwith differentsigns

Q
Vis =Vig :

_C_J'_Ws' (9)

IL

C. Tunneling current model

To calculate the tunneling current in this compact model, we
use an analytical equation. Previous studies of MFIS-FTJs
often use numerical WKB approximation to simulate the
tunneling current [13-15]. However, this method is not
computationally efficient. Besides, WKB approximation does
not consider the reflection of electron waves at the interfaces,
and the band stmucture does not have the quantum mechanism
correction. Therefore, even directly using the WKB
approximation cannot produce accumrate results, fitting
parameters still need to be introduced. Furthetmore, in addition
to the conduction band electrons (CBE), valence band electrons
(VBE) and holes (VBH) also need to be taken into account,
which increases the computation time further [13]. In this work,
we develop an analytical equation with several fitting
parameters that can give the user enough flexbility to fit the
experimental data of MFIS-FTJs with complex physics effects.

To simplify the model, we consider the semiconductor
electrode as a metal, adapt the direct tunneling (DT) current
equation from MFM-FTJ [22] to include the effect of two
insulator layers. (10a) shows the barrier height relative to the
Femi level at the Insulator-Si and Metal-FE interfaces where
Pusi and @y are the band-offsets at these interfaces,and V,,
is the modified applied voltage to restrict the applied voltage
V, to the region of DT. a and b are both theoretically 0.5 for

CBE but we make them be fitting parameters to include the
effect of VBE, VBH and other quantum mechanism effects. An
empirical function g(V,,) is also added to fit the tunneling
current. This isa standard practice in compact modeling, which

requires high-speed computation and a greement to less than 1%
with the measured device data.
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We have verified this model with the simulated current using
drift-diffusion and WKB approximation to calculate a bilayer
MIS structure with a fixed polarization in the first layer for
simplicity. Fig. 3 shows that this model can fit the WKB
tunneling current through the bilayer structure with polarization
accurately under different configurations. We can see that
thinner FE, IL layers and larger polrization would give higher
currents, which agrees with [12]. For different N, , there isn’t
visible change in the positive on-current because the
semiconductor is in inversion, which also agrees with [12]. The
larger positive polarization will pull down the semiconduction
potential more. However, for the high voltage region, the
Fowler-Nordheim tunneling would appearas well as the space
charge effect due to the transported carriers [23, 24]. Those
effects are not considered by this compact model, which limits
thismodel’s accuracy athigh voltage regions.

lll. RESULTS

We have implemented this compact model in Verilog-A
code, which is the most popular programing language for
compact models, and test it on Hspice. We have modeled both
n-type and p-type MFIS-FTJ experimental data using the
presented MFIS-FTJ model. Fig. 4(a) shows the fitting of an
n-type FTT with t, =0.4nm t.=4nm, N, =3x10"° cm™
and P, =5uC/cm? [7]; Fig. 4(b) shows the fitting of a p-type
FTJ with t,_=1nm, t.=1nm N, =1x10" cm™® and
P, =4uC/cm’® [8]. To fit these FTJ devices, the fitting
parameters are treated as a function of polarization, where we
use interpolation to generate the parameters between +P; and
—P; . We use subscript + for the value at +P; and —for —P; in
Fig. 4. This compact model can be used for both n-<type and
p-type MFIS-FTJ regardless of whether electrons or holes are
the transport carriers.

We have tested this model for simulating MFIS FIJ in
circuits. Fig. 5 shows a simple circuit. To demonstrate the
ability to wotk with arbitrary input waveforms, we apply an
unusual 100ns triangular positive voltage pulse to program the
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FTJ to its on-state followed by a read voltage of 02 V, then by a
negative triangular pulse to program to off state followed by a
read voltage of 0.2V. Fig. 5 shows the device current vs time,
the transient programming and read currents in the on and the
off states. To further demonstrate the model’s ability, in Fig. 6,
we show the polarization switching and the tunneling current
under triangular pulses of varyingamplitude. The model keeps
track of the polarization history well.

In addition, to test the simulation time efficiency of this
compact model, we applied the waveforms of varying
amplitude in Fig. 6a for 1000 cycles. The total runtime is only
5227s on Intel Xeon Gold 5115 CPU. This speed is
comparable to popular transistor compact models, such as
BSIM_CMG for FinFET IC simulation, and is, therefore,
suitable for simulation large circuits involving MFIS _FTJ. The
52ms simulation presented n Fig. 5a will take hours if it is
performed with TCAD.

As shown in Fig. 5, the polarization does not remain at its
maximum value when the voltage restsat 0. It is because there
is stillsomedepolarization field across the FE layer as shown in
Fig. 1. This leads to the decrease in TER ratio. The design rule
of MFIS-FTJs should choose the FE material with a larger
coercive field than the depolarization field. Here, reducing t,
can help reduce the depolarization field and increase the
tunneling current as shown in Fig. 3. The optimal design w.r.t
the thickness, doping and polarization has been studied in [12].
To reduce the depolarization field and increase the on-current
as well as the TER mtio, we should reduce both t, and t.. at

the sametime.
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Fig. 2. Comparison of our initial guess of i, and the Q, —y; curve obtained

from the analytical equation (5).
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Fig. 3. Comparison of the tunneling current model and the
approximation. The symbols are the WKB approximation. The lines are the
compact model. For the black line, the parameters are a=0.52, b=0.48,
c=1,d=30, e=18, and f =0.008 . For the red lines the following
parameters are different: (a)d =20, e=1.2; (b) d=20, and e=2; (c) (d):
All parameters are the same.
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Fig. 4. Fitted results of (a) an n-type MFIS-FTJ [7] and (b) a p-type MFIS-FTJ
[8]. Symbols are the experimental data and lines are the simulation. For n-type,
a, =06,a =05, b=052, b =03, c,=12, c =07, d, =11,

d =40, e =e =3,and f,=f =0. Forp-type, a, =a_=0.5, b, =-0.2,
b=-04, c=08, c=022, d =2, d =15, e, =e =1, and
f,=f =0.
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Fig. 5. The write and read test of the FTJ. The inset is the sample circuit. We
show the corresponding reading current and polarization to this read/write
operation.
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Tunneling current (A)
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Fig. 6. Transient test of this model by applying triangular waveform with
varying amplitude for 1000 cycles. The simulated polarization and tunneling
current are shown in (a) the 1 cycle (b) the 1000™ cycle.

IV. CONCLUSION

We have presented a compact model of MFIS-FTJ. It
contains a time-dependent multi-grain ferroelectric model, a
semiconductor surface potentialmodeland a tunneling current
model. Because good analytical approximations are used and
iterative calculation cycles are kept miimal, the model is
computationally efficient for the simulation of integrated
circuits. This model can fit both n-type and p-type FTJ
experimental data well. Finally, we implemented this compact
model in Verilog-A, ran with a commercial SPICE simulator,
and demonstrated simultion speed compamable to MOS
transistors and, therefore, its suitability for simulting large
memory circuits. For future woik, we could further study
tunneling current under high applied voltage and the
temperature dependency ofthe FTJ compact model.
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