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Device Modeling of Ferroelectric Memory
Field-Effect Transistor for the Application of
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Abstract—An improved theoretical analysis on the elec-
trical characteristics of ferroelectric memory field-effect
transistor (FEMFET) is given. First, we propose a new
analytical expression for the polarization versus electric
field (P-E) for the ferroelectric material. It is deter-
mined by one parameter and explicitly includes both
the saturated and nonsaturated hysteresis loops. Us-
ing this expression, we then examine the operational
properties for two practical devices such as the metal-
ferroelectric-insulator-semiconductor field-effect transis-
tor (MFIS-FET) and metal-ferroelectric-metal-insulator-
semiconductor field-effect transistor (MFMIS-FET) as well.
A double integral also has been used, in order to include
the possible effects due to the nonuniform field and charge
distribution along the channel of the device, to calculate
the drain current of FeMFET. By using the relevant mate-
rial parameters close to the (Bi, La)4TizgO12 (BLT) system,
accurate analyses on the capacitors and FeEMFET’s at vari-
ous applied biases are made. We also address the issues of
depolarization field and retention time about such a device.

I. INTRODUCTION

ITH some decisive and superior features such as non-

-". " volatile, low power consumption, short program-
ming time, and high endurance of over 102 read/write cy-
cles, the ferroelectric random access memory (FeRAM) has
become a potential high performance nonvolatile memory
[1]. Essentially two types of FeRAM have been evaluated
based on the practical use. One type is made of transis-
tors connected with capacitors, such as 1T1C [1] or chain
FeRAM [2] structures. The other is a field-effect transistor
and is referred to as the ferroelectric memory field-effect
transistor (FeMFET) [3]. The FeMFET has special poten-
tial for technical use as a nondestructive read out (NDRO)
and high-density nonvolatile memory [3]-[9]. The struc-
ture of FeMFET is similar to the common metal-oxide-
semiconductor field-effect transistor (MOSFET); only the
gate material is a ferroelectric rather than the usual ox-
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ide. With writing at a gate voltage, +V,, or —V,,, the
dipole moments are stored, and the direction of polar-
ization is set in the ferroelectric material. This results
in the threshold voltage difference of the two states of
the FeMFET and can be identified as two logic states
in a memory. However, the direct deposition of the fer-
roelectric material on a silicon (Si) substrate may cause
serious interdiffusion near the interface, which in turn
will degrade the device performance. Thus, an insulating
buffer layer must be inserted between the Si and ferro-
electric layer in order to give better interfacial proper-
ties. Such device structure is referred to as the metal-
ferroelectric-insulator-semiconductor field-effect transistor
(MFIS-FET) [3]-[9]. The MFIS-FET, however, has a small
memory window under the low operation voltages. In or-
der to overcome this problem, metal-ferroelectric-metal-
insulator-semiconductor field-effect transistor (MFMIS-
FET) with a floating metal gate sandwiched by the fer-
roelectric and insulating buffer layer has been reported
[4], [5]. The main merit of this device is that the area of a
metal-ferroelectric-metal (MFM) capacitor can be changed
to be smaller than that of metal-insulator-semiconductor
(MIS). This would make the capacitance of MIS compara-
ble to that of MFM, such that the voltage drop across the
ferroelectric layer can be strongly enhanced. As a result,
the applied voltage becomes more efficient in driving the
ferroelectric layer into the state of saturated polarization.
Therefore, the operation voltage for an MFMIS-FET can
be much lower than MFIS-FET.

So far, the reported retention times of various FeMFET
and the associated capacitors are usually shorter than 10°
seconds, which are still much lower than the industrial
standard for the nonvolatile memory in which 10 years
is required. The reason for the small retention time of
FeMFET is due to the depolarization fields that cause
charge injection and reduction of the remanent polariza-
tion. These effects lead to threshold voltage shifts that
could reduce the memory window. Although the problem
of short data retention time is not overcome until now,
recently Kim et al. [10] and Ma and Han [11] proposed
that the FeMFET can be used as a dynamic random ac-
cess memory (DRAM) if the FeMFET can be refreshed.
This new kind of device, called FeDRAM, triggers a new
application of FeMFET.

In order to optimize the design and fabrication parame-
ters of FeMFET, a theoretical understanding of the depen-
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dence of the electrical properties on material parameters
thus is needed. However, there are only a few theoretical
reports of such device thus far in spite of its great impor-
tance. The first complete theoretical study on the opera-
tional properties for an FeMFET was made by Miller and
McWhorter [3]. Their treatment is based on the Brews’
charge sheet model [12], [13] together with a mathemati-
cal model [14], [15] of describing the switching polarization
of ferroelectric capacitor. The validity of their model, how-
ever, is rather limited because Brew’s charge sheet model
is not suitable for the device operated in the subthreshold
and saturation region (after pinch-off). In addition, they
have assumed, in order to simplify the formulation, the
polarization interior the ferroelectric along the channel po-
sition to be constant, which is the case of very low drain
voltage. Miller and McWhorter’s model [3] recently was
modified by Kamei et al. [16], who have treated the polar-
ization of the ferroelectric material in an MFSFET to be
inhomogeneous along the channel. However, the method
still cannot be applied to the saturation and subthreshold
region due to the limitation of charge sheet model. In addi-
tion, they have assumed the polarization of the ferroelec-
tric material is saturated hysteresis, which is not suitable
for MFIS and MFMIS-FET. The purpose of this paper is
to give an improved analysis of the electric characteristics
for the FeMFETSs. The analysis is made based on a new
analytical expression for nonsaturated polarization of the
ferroelectric material together with inclusion of nonuni-
form field distributions along the channel position. Pao
and Sah’s double integral [12], [13] is first used to inves-
tigate the effect of this inhomogeneous field in the FeM-
FET’s. Systematic numerical results will be presented for
two practical devices, MFIS-FET and MFMIS-FET (along
with the associated capacitors). The results allow one to
gain some physical insight into the operation of FeMFET'Ss
that are of practical use in the device design.

The material and device parameters used for the anal-
yses in this paper are listed in Table I, unless otherwise
specified. The parameters of the ferroelectric and insu-
lator are chosen to be close to the reported data [17]
of (Bi, La)4TizO12 (BLT) MFMIS capacitors. The BLT
has nearly fatigue-free properties [18] and moderate sat-
urated polarization in addition to a high coercive field
(E. = 100 kV/cm). Although the FeMFET is commonly
fabricated as n-channel devices, we analyze the p-channel
devices with n-type substrate (or n-well) for consistency
with the experimental condition [17].

II. THEORY
A. Phenomenological Model of Dipole Polarization

Let us first develop a new analytical expression for the
dipole polarization for the ferroelectric layer used in the
gate of FEMFET. This will be done on the basis of mathe-
matical model reported by Miller et al. [14]. In this model,

the saturated P-E hysteresis loop for a ferroelectric is de-
scribed as:
E-E.
1
) (1)

(E) = —Piy(-E) (2)

P+

sat

(E) = P, tanh (

p-

sat

5= B, (m (%»_1. (3)

Here P*(E) stands for the lower (positive-going) branch,
and P~ (E) is the upper (negative-going) branch. P is the
spontaneous polarization, P, is the remanent polarization,
and FE. is the coercive field. To fit well with experimental
data, (1) should be modified as [20]:

where

E-E,
P;Zt(E)ZPStanh< %5 )+5F50E7 (4)

where e is the dielectric constant of the ferroelectric ma-
terial and g¢ is the free space permittivity. The negative-
going branch still follows (2).

As mentioned previously, the above equations are suit-
able only for the saturated hysteresis loop. With these in
hand, we can develop a new expression for the unsatu-
rated hysteresis loop in a simple way. We assume that
the unsaturated hysteresis loop can be uniquely deter-
mined by a parameter, F,,, which is defined as the max-
imum electric field that the ferroelectric layer may un-
dergo. The unsaturated hysteresis loop is composed of two
branches, PT(E, E,;,) and P~ (E, E,,), where P*(E, E,,)
is, as usual, the positive-going branch and P~ (E, E,,) is
the negative-going one. These two branches must intersect
at £ = F,,:

PY(E = Ep, En) = P (E = En, En). (5)

By making use of the fact stated in [14], “existing data in-
dicate that the derivative of the polarization with respect
to the electric field, evaluated at a constant field, is inde-
pendent of the amplitude of the applied signal, at least to

first order,” we have:
dPY(E,E,) B dP;,(E) (6)
dE e dE |5’
and
dPi (E7 Em) — dR;zt (E) (7)
dE B dE I

It is then easy to get two branches of the unsaturated

hysteresis loop, namely:
E-E.
26
B, + Ec>

1
E + - | P;tanh
+ ereo +2<Lan< 25

P, tanh (%)) C®)

P™(E,E,,) = Ps;tanh <
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TABLE 1
DEVICE PARAMETERS FOR THE SIMULATION IN FEMFET IN THE TEXT.

Parameters Definitions Values used in calculation
Py Remanent polarization 15 },LC/CHI2
Py Spontaneous polarization 17 uC/cm?
E. Coercive field 100 KV/cm
EF Dielectric constant of ferroelectric 200
er Dielectric constant of insulator 3.9
tp Thickness of ferroelectric film 150 nm
tr Thickness of insulator film 2 nm
Ap Area of ferroelectric film 1 cm? (For MFIS capacitor)
Ag Area of the insulator film 1 cm?
I Electron mobility 500 cm?2 /s-Volt
Ng Substrate doping concentration (p-type) 10'6 cm—3
L Channel length 1 pm (for FEMFET)
w Channel width 1 pm (for FEMFET)
% Saturated increasing the applied field, the polarization will follow the

=15 uC/em?

P
2 Py=16 pClem?
E

“g ~ 100 kV/em
L gl €
@) g =200
= Nonsaturated
g ofb———— A
g
'g 10 F P d
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[ |
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E,=50kV/cm
-30 : : . . :
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Electric Field (kV/cm)

Fig. 1. The modeled polarization, based on (8)—(10) as a function of
the electric field (P-E) for the ferroelectric material at different max-
imum electric field. The model parameters used are P, = 15 uC/cm?,
Ps =16 uC/cm?, Ec = 100 kV/cm, and e = 200.

and

EF+ FE.
P‘(E,Em):Pstanh< ;5 )

1 E.. + E.
+ €F€0E — 5 <PS tanh (T)

(BB g

The dependence of the dipole polarization on the maxi-
mum electric field is given by:

1 E,, + E.
Py(Em) = creoEm + 5 (PS tanh (%)

4P, tanh <%)> . (10)

Two calculated nonsaturated loops of P-E based on
(8)-(10) are displayed in Fig. 1. The unpolarized ferro-
electric material is first at the origin (P = 0, E = 0). By

curve of P;(E,,) until the maximum field E,, is attained.
The polarization will follow branch P*(FE, E,,;) and then
P~ (E, E,,). Therefore, the overall hysteresis loop is con-
structed in the counterclockwise direction. Eq. (8)—(10)
will be used later to investigate the electric characteristics
of the FeMFETs.

B. Capacitor Equations

In this paper, we consider two important structures of
FeMFET, the MFIS-FET and MFMIS-FET shown, re-
spectively, in Fig. 2(a) and (b), in which the sign con-
ventions also are given.

1. MFIS Capacitance-Voltage Relation: For an MFIS
capacitor shown in Fig. 2(a), the boundary condition gives:

D = eoEr + P(EFr) = ereoEr = €sicoEsi,

(11)
where Er, Er, and Eg; stand for the electric fields in the
ferroelectric, insulator, and near the interface of semicon-
ductor (Si), respectively. And e; and ey are the dielec-
tric constants of insulator and semiconductor, respectively.
The term egEr can be neglected because it is much less
than P(Er). And Gauss’s law gives egieoFEsi = —Qs(s),
where Qs(¢s) is the space charge (per unit area) in the
semiconductor and s denotes the surface potential. Eq.
(11) is rewritten as:

—Qup) = P (@) _ Erfoy,

12
i 5 (12)
where the voltage drops in the ferroelectric layer and the
insulator is Vp = Eptp and V; = Erty, respectively. The
semiconductor charge density Qs(1s) for n-type substrate
is given by [12]:

- \/5651'50
Qs(¢s) = mﬂTD

’I’L2 1/2
(3 o 480 - ) + (P~ 50 -1))
b (13)
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Fig. 2. Diagram of two typical FeMFETs. (a) The MFIS-FET, and
(b) MEMIS-FET. The coordinate and sign convention are shown
here.

where the leading minus (—) sign is for ¥s > 0 (accumu-
lation), the plus sign (+) is for ¥s < 0 (inversion), and
the Debye length is Lp =

the majority carrier concentration (for an n-type semicon-
ductor here), n is the intrinsic carrier concentration equal
to 9.65 x 10°, and 3 = q/kT, where k is the Boltzmann
constant and ¢ the electronic charge.

The total gate voltage is:

VG:ws‘i’VI‘i’VF-

\/ESiE()/qNDﬂ, where Np is

(14)

Assuming that the unpolarized ferroelectric film is first
at the origin (F = 0, P = 0), the polarization then
traces Py(Ey,). Given the maximum writing gate volt-
age, +Viy or —Viy, (12) and (14) can be used to numeri-
cally determine the surface potential s and the maximum
electric field E,, in the ferroelectric layer. Therefore, two
branches, PT(E, E,,) and PT(E, E,,), in (8) and (9) are
readily determined. Then by repeatedly solving (12) and
(14) by varying the gate voltage, from +Vy to —Viy with
P~ (E,E,) and —Viy to +Vi with PT(E, E,,), one is
able to obtain s, V7, and Vg as a function of gate volt-
age in a closed loop. The reason for the direction will be
discussed in Section III.

The total capacitance in this stacked structure is:

1 1 1\ !
otal = [ —+ —+—1 1
Chotal <CI+CF+CD> (15)

where
A
cr =2 (16)
tr
A
Cp = L2E, (17)
tp

and the capacitance of semiconductor depletion layer is
given by [12]:

_ Ajesico

-~ V2Lp
(;; (—eB¥s 4 1) 4 (eP¥s — 1))

(ﬁD (e7P%s + Beps — 1) + (P Vs — Bps — 1))1/2'

Cp

(18)

With the aid of the calculated surface potential as a
function of gate voltage together with (15)—(18), we can
finally establish the relationship of capacitance versus gate
voltage. Black and Welser [19] have pointed out that there
can be voltage drops across the metal electrodes due to the
finite Thomas-Fermi screening length in the metal. This
phenomenon can be effectively treated by adding more in-
sulators in the MFIS or MFMIS structures. The present
simulation method also can model this effect by simply
increasing the equivalent oxide thickness (EOT) of the in-
sulator slightly, which can be estimated to be around 1 to
2 A based on [19)].

2. MFMIS Capacitance-Voltage Relation: For an
MFMIS capacitor shown in Fig. 2(b), the area of ferro-
electric is obviously not the same as the insulator. In this
case, the only distinction lies in (12), which now should be
read as:

ApP <—> = Alﬂvb

1
i i (19)

according to the charge conservation. Other equations re-
main the same as MFIS capacitor. Thus, the capacitance-
voltage (CV) curve can be determined by the same proce-
dures as in an MFIS capacitor.

It should be noted that (18) is a low-frequency result.
The high-frequency capacitance, however, does not follow
it at strong inversion. At high frequency, the generation
rate of the charge carriers from the depletion region can-
not follow the rapid change of the applied signal, and the
capacitance remains at the minimum value, C,,;,. Because
the ordinary CV is measured at high frequency, we there-
fore constraint the capacitance to Cy,s, at the strong in-
version condition.

C. FeMFET Drain Current Equations

The drawback of Miller and McWhorter’s model [3]
was mentioned earlier. Therefore, we resort to another ap-
proach to calculate the drain current of the FeMFET. An
improved and elegant method of calculating the drain cur-
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rent for MOSFET is available, namely Pao and Sah’s dou-
ble integral [13]:

Vbs 1113 2N B(yp—V)
ID—quL/ / /D) v

where Yp = —(kT/q) In(Np/n;). Here &(¢,
tric field given by:

£, V) = || 222
£8i€0
2

[(eﬁw—ﬁw—l) + eV (e + Bye PV — 1) .
b (1)

(20)

V) is the elec-

1/2

This current equation includes the drift as well as the dif-
fusion currents, and it is suitable for the simulation of an
FeMFET operated in subthreshold, triode, and saturation
regions.

1. MFIS-FET Current: For an MFIS-FET, the gate
voltage is:

Qs(¥s, V)

Vo = s +
G ¢ 61/t1

+ Ertp, (22)

where

Qs(¥s,V) =

Here the dependence of surface charge density on the sur-
face potential 15 and channel potential V' is given by [12]:

ﬁESiﬁokT
V) =m~——20"
) qLp

2
((eﬁws_ﬂws_l) N2 BV

P(Ep, Ep). (23)

Qs Vs,

1/2
(0% 4 BpueV — 1)) RET

and P(Ep,E,) = PY(Er,E) or P~ (Ep,E,) for
—Vw — +Vw or +Viy — —Vyy, respectively. E,, is the
same as obtained by the MFIS capacitor. Eq. (22) and
(23) then can be used to numerically solve for ¢s and Er
for a given channel potential V. The surface potentials
are controlled by the polarization of ferroelectric material
according to (22) and (23). Consequently, the drain cur-
rent will in turn change as a function of polarization from
(20). The current-voltage relationship can then be deter-
mined at any desired drain voltage Vpg and gate voltage
V. Note that the gate voltage Vi should be negatively
large enough to ensure 1; < ¥p (inversion). The case of
s > ¥p (accumulation) where the FeMFET operating in
the cut-off region is of no interest to us here.

Then, (20) can be rewritten, with change of variable,
as [13]:

1 ]
IDEZ_/ IDdy—QMT/ /
0 B

(2 Np) 10~
£, V)

dw dv. (25)

where the drain voltage now runs to V (y) rather than to
Vbs. Given Vi and Vpg, (20) gives the drain current Ip,
which then is used in (25). This integral equation enables
one to numerically determine the channel potential, V (y).
However, there is a simpler way to directly obtain V' (y)
from I'p — Vpg plot. As seen from (25), channel position y
can be solved easily for a given channel potential because
the right side is simply the drain current for a value of
drain voltage V' (y). Therefore, if we can first determine the
Ip — Vpg by changing the drain voltage V' from 0 to Vpg,
the ratio Ip(V)/Ip(Vps) can be converted simply to y/L,
and V just corresponds to V(y) for this bias condition.
With V(y) in hand, v5, V7, and Vp as functions of channel
position are readily obtainable based on (22), (23), and
(24).

2. MFMIS-FET Current: The above-mentioned calcu-
lation procedures for MFIS-FET generally are valid for
MFEFMIS-FET only with some different ones. In this case,
the floating metal gate would cause ferroelectric voltage,
VE, to be uniform in the lateral direction. The structure of
MFMIS-FET is depicted in Fig. 2(b), in which itself can be
effectively regarded as an MOSFET in series with an MFM
capacitor. Thus, by individually investigating the behav-
iors for two devices, the characteristics of an MFMIS-FET
can be obtained. At a low drain voltage, the charges stored
in the MOSFET are closely equal to the MOS capacitor.
Eq. (12) and (19) determine the gate voltage of MOSFET,
and the drain current also could be found from (20).

III. DISCUSSION OF THE SIMULATION RESULTS

The behaviors of the FeMFETSs and the associated ca-
pacitors are now investigated using the equations derived
in the preceding section. The material parameters used for
the analyses in all the figures are listed in Table I, unless
otherwise specified. Fig. 1 shows the calculated P-F re-
sults, in which it is seen that a larger value of E,, gives
rise to a larger unsaturated hysteresis loop. The central
dot-dashed line denotes, Py(E,,) described in (10).

A. Capacitors

The simulation result of the CV relation for an MFMIS
capacitor with various area ratios of Af/A; = 1/6, 1/9,
1/12, and 1/15 at the writing voltages of +5 V is plotted
in Fig. 3. The simulation results of the CV curves are close
to the experimental results reported by Tokumitsu et al.
[17]. In their work, the observed CV curves are slightly
shifted in the cases of small area ratios; they explained
that this phenomenon was due to the fixed charge occa-
sionally introduced in the sample. Our simulation results
also show a similar behavior for the sample with small
area ratios. However, our simulation does not incorporate
the effect of fixed charge. We provide the possible explana-
tion as the following instead of the fixed charge introduced.
Because the accumulation capacitances with small area ra-
tios are reduced, the flat band capacitances, consequently,
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Fig. 3. Calculated capacitance versus gate voltage (CV) for the MFIS
capacitors at various area ratios. The device parameters used are
given in Table I.

35

a0l —— ApAF16

20

Memory Window (V)

Applied Voltage (V)

Fig. 4. Calculated memory window as a function of applied bias for
the MFMIS capacitors at various area ratios.

are reduced and become close to the accumulation capac-
itances. The flat band voltages of the two branches of the
CV curves are still symmetrical with respect to the origin
(Ve = 0). However, this will result in an illusion of the
slightly shift of the CV curves.

Fig. 4 shows the memory windows as functions of ap-
plied biases for the above MFMIS capacitors. For a small
value of Ap/A;, the memory window increases with in-
creasing applied bias and attains the maximum value more
rapidly. The calculated results are in good agreement with
the reported experimental results [17]. The memory win-
dow is defined as the flat-band voltage shift of the two di-
rections of CV curves. At the condition of flat-band where
s = 0, both V; and the polarization are equal to zero ac-
cording to (12) and, therefore, the flat-band gate voltage
is simply the voltage in ferroelectric, Vr. As a result, the
maximum memory window corresponding to the satura-

3.5
o= Pl pClem® | P =16 uC/em? AgA=1:15
30 || = P=3 uC/em®
S\ —A- P=5 uClem® 4
~ o5l P=7 uC/(:m2
z - P=9 uClem® g
.-8 —— P=11 pClem’ /
= 20¢[ 5
.; — P=13 pClem
-8 P=15 uClem*
1.5
2
£
o 10
=
0.5
0.0
0 2 4 6 8 10
Applied Voltage (V)

Fig. 5. Calculated memory window as a function of applied bias
at different values of P, with a fixed value of Ps for the MFMIS
capacitor. Large Pr/Ps is required to obtain large memory window.

tion loop is given by 2FE/tr, where E/ is the electric field

at which P, = 0, namely, from (4):
E —E,

0= PS tanh ((.T) + €F€0Eé. (26)

If we first neglect the linear term epegE.,, E. = E,, and

the memory window equals 2E.tr [20]. If we incorporate

this linear term, then the first order approximation of (26)

gives:
E! E.(1—-20ep/Ps),

c =

(27)

indicating that E’ is a bit less than F.. The maximum
memory window is slightly reduced to:

AVFB(max ) = 2EétF ~ 2EctF (1 — 25€F/Ps) .
(28)

Eq. (28) is consistent with the result in Fig. 4.

Fig. 3 also illustrates the direction (counterclockwise)
that hysteresis CV curve would follow. We now give a sim-
ple argument about the reason of this direction. If we start
from a positive writing (gate) voltage (Vi > 0), the direc-
tions of electric field in the ferroelectric and the insulator
are downward (+z direction) based on the sign conven-
tion in Fig. 2. Consequently, the electric field is positive-
valued, indicating the polarization should go along the
upper-going branch P~. At flat-band condition, P~ = 0,
giving a negative value of electric field, —FE’. Thus, the
flat-band gate voltage, —FE'tr, is negative. Likewise, the
flat-band gate voltage is +FE/tp for negative writing volt-
age (Viy < 0). As a result, the hysteresis CV loop goes in
a counterclockwise direction as shown in Fig. 3.

The MFMIS capacitor’s memory windows as a function
of bias voltage are further investigated at various mate-
rial parameters, in Figs. 5-7. In Fig. 5, the dependence
of memory window on the ratio of P,./P; is given. For a
small value of P,/Ps, the corresponding P-FE curve be-
comes linear-like, leading the ferroelectric to behave like
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18

Fig. 6. Calculated memory window as a function of ep and Ps at
a constant applied voltage of 5 V for the MFMIS capacitor with
Ap : Ay =1:6. The ratio of P./Ps is fixed at 15/16.

paraelectric. Therefore, the memory window is expected to
be small for a small value of P./Ps. The window, in gen-
eral, increases with increasing applied bias and eventually
attains a maximum value given by (28). Fig. 6 illustrates
the effect of P; and £r on the memory window at a con-
stant applied voltage, £5 V, while fixing the ratio of P.
and P,. The memory window increases with decreasing P
and ep. This can be understood in a simple way. In the
case of the saturation situation, the polarization would be
larger than P;. The P; is proportional to the amount of
charges induced in the capacitor. Therefore, a larger value
in Ps indicates that we need a higher gate voltage to induce
the corresponding charges for the saturation. Conversely,
it may imply that the memory window will decrease with
increasing Ps at a constant applied voltage. However, de-
creasing €r also increases the memory window. But the
effect of e is less important than P, because the ferroelec-
tric layer itself is a nonlinear dielectric material in which
the electric displacement D is contributed primarily by the
nonlinear polarization rather than the linear one.

For most MFIS and MFMIS devices, high-k gate di-
electrics often are used to increase the gate capacitances.
Larger gate capacitances will provide better matching of
the capacitances of MFM and MIS, giving rise to a better
memory window. The insulators often are characterized
by EOT (EOT = tresio,/cr). The effect of EOT on the
memory window is plotted in Fig. 7. It is seen that a small
EQOT of only several nanometers can obtain a better mem-
ory window at a low operation voltage.

B. FeMFET

Let us now start to investigate the current-voltage re-
lation for the FeMFET. We begin with the study of the
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Fig. 7. Calculated memory window as a function of the applied
voltage and EOT of the insulator for an MFMIS capacitor with
Ap:Ar=1:6.
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Fig. 8. The calculated CV and Ip — V(g results for the MFIS capacitor
and MFIS-FET. The ON state and OFF state are specified, and
the direction of the memory window also is shown here. For better
memory window, the EOT of the insulator is changed to 3 nm, and
the applied voltage is 6 V.

MFIS-FET. The EOT is adjusted to 3 nm for the purpose
of a suitable memory window. If the insulator is taken as a
high-k gate dielectric such as SrTiOg (STO) with ep ~ 39
as compared with the experimental result (21), the phys-
ical thickness of the insulator is about 30 nm or so. The
insulator with a large thickness can reduce the leakage cur-
rent and then can prevent the dielectric breakdown. Fig. 8
illustrates the I'p — Vg curve of an MFIS-FET, in which we
also have included, in order for the convenience of compar-
ison, CV relation of the associated MFIS capacitor. Here
the voltage is swept from +6 V to —6 V, and vice versa.
The memory window of the drain current is 1 V, equal to
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Fig. 9. The calculated Ip — Vpg for the ON and OFF states at

various gate voltages for an MFIS-FET. The device parameters are
the same with Fig. 8.
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Fig. 10. Calculated surface band bending, 3, and voltage across the
ferroelectric, Vg, as functions of the channel position at various drain
voltages for an MFIS-FET.

that of the CV curve. Smaller threshold voltage is defined
as the ON state (or logic “1”); larger threshold voltage
is denoted as the OFF state (Logic “0”). To get a better
discrimination, the reading voltage, Vg, must be chosen to
yield a large drain current in the ON state and low drain
current in the OFF state. A suitable choice of Vi for an
FeMFET is shown in Fig. 9 in which the drain current ra-
tio Ip(ON)/Ip(OFF) is larger than 103, which is suitable
for the memory operation.

The dependence of the drain current on the drain volt-
age for both ON and OFF states at different gate voltages
is plotted in Fig. 9. The drain current in the OFF state is
smaller than that in the ON state at the same bias volt-
ages. A simple insight can be obtained from Fig. 9. The
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Fig. 11. Calculated Ip — Vg for an MFMIS-FET at various area
ratios of Ap/A;. The material parameters are the same with Fig. 3.

threshold voltage in the OFF state is less than the ON
state by about 1 V, namely the drain current of the ON
state at Vo = —3 V is close to that of the OFF state with
Ve = —4 V. Likewise, the drain current at Vg = -2 V
(ON) is close to that at Vg = —3 V (OFF).

The voltages across the ferroelectric Vi and the sur-
face band bending potential ¥4 as functions of the channel
position for the FeMFET operated at Vg = —4 V of the
OFF state are shown in Fig. 10. The calculation is based

n (22)—(25). The band bending increases from the source
to drain, and Vg decreases from source to drain. In the
model of Miller and McWhorter [3], the voltages in the
insulator and the ferroelectric are assumed to be constant
for convenience of calculation. This assumption would lead
to a large deviation at a large drain voltage according to
results shown here. Accordingly, our model here appears
to be more relevant and accurate because we have removed
this limitation and, furthermore, the distributions of volt-
ages also have been incorporated.

Fig. 11 displays the I'p — Vi of the MEMIS-FET at var-
ious area ratios of Ap/A; =1/6,1/9,1/12, and 1/15 for
the writing voltages of 5 V. The EOT of the insulator is
reset to 9 nm. The other parameters are the same as those
of the MFMIS capacitors shown in Fig. 3. The memory
window increases from 1.4 V to 2.3 V as Ap/Ar changes
from 1/6 to 1/15. However, the drain currents decrease.
This is due to the decrease in total gate capacitance of the
MFMIS structure in which the area of MFM is decreased,
as indicated by Fig. 3. The decreasing drain current is an
obvious handicap that may limit the device performances,
for example, the circuit speed and sensing margin. In ad-
dition, the reduced total gate capacitance may generate
some serious short channel effects when devices are scaled
down under submicron regimes. Therefore, certain trade-
offs should be made between the memory window and the
drain current.



LUE et al.: MODELING OF FERROELECTRIC MEMORY FIELD-EFFECT TRANSISTOR 13

3
V', grounded during retention time

; MFMIS capacitors
LA AL

-

5\ [ Applied voltage =5 V 5
~ [
S Y. S A U
» [
Ng [ —a— V, (OFF)
-1 N \\\\\\\‘
- NN | —e— ¥, (OFF)
| remnant field . VI (ON)
2
—o— V. (ON)

\
\
\
|

5 4 3 2 4 0 1 2 3 4 5

Fig. 12. The voltages across the ferroelectric and insulator of both
ON and OFF states for MFMIS capacitor with Ap/A;r =1: 15.

C. Depolarization Field and Retention Time

Let us address the important issues on the depolariza-
tion field and retention time. Fig. 12 shows the voltages,
including both the ON and OFF states, in the ferroelec-
tric and insulator film as a function of gate voltage for the
MFMIS capacitor with an area ration of 1:15. These volt-
ages are obtained from the CV simulation in Fig. 3. The
depolarization field is the remanant electric field in the
ferroelectric thin film when the gate voltage is grounded
during data retention time. This field may cause charge
injection [22] and reduction of the remanent polarization.
The charge injection will reduce the memory window as
well as the current ON/OFF ratio after the retention time.
According to Fig. 12, the remanant voltage in the ferroelec-
tric thin film for the OFF state is —0.8 V, which is opposite
to the direction of the initial state. Because the direction
of the remanant electric field in the ferroelectric film is re-
verse relative to the original applied field, we called this
electric field the depolarization field. The depolarization
fields in the ferroelectric film for the OFF and ON states
are calculated to be —50 kV/cm and 70 kV/cm, respec-
tively. Similarly, the remanant fields in the insulator for
the OFF and ON states are calculated to be 700 kV/cm
and —200 kV/cm, respectively. We found that the rem-
anant fields in the insulators are much larger than the de-
polarization fields in the ferroelectric films because of the
relatively small dielectric constants of insulators compared
with the ferroelectrics. Therefore, we suggest that the re-
tention times are primarily limited by the leakage currents
of insulators rather than the ferroelectric layers for most
FeMFET’s. This situation is quite similar to that of the
floating gate devices that compose the flash memory. In
order to sustain the retention time of the flash memory,
there is a limit of the shortest thickness of the tunneling
oxide (about 7 nm SiO3) [23]. In an analogous manner,
we expect that there also exists scaling limit of the film
thickness for the FeMFETSs if data retention time should

be maintained. In case the data retention time is not satis-
factory for the nonvolatile memory application, refreshable
operation of FeMFETs such as FeDRAM [10], [11] may be
a better choice.

IV. CONCLUSIONS

A systematical theoretical approach for the analyses of
electrical characteristics for the ferroelectric-based capac-
itor and field-effect transistor has been given. We have
proposed a new analytical expression for the unsaturated
hysteresis loop for the ferroelectric material. Based on this
model, we have successfully analyzed the operational prop-
erties for the FeMFET’s and capacitors. In the analysis of
drain current for the FeMFET, we have used Pao and Sah’s
[13] double integral to account for the inhomogeneous elec-
tric field along the channel. The simulation results agree
well with the reported data. The present model enables one
to accurately model the FeMFETSs for the device design.
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