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Abstract—In this study, the performances of negative
capacitance field effect transistors (NCFETs) are compared
by simulation using single-domain (SD) and multidomain
(MD) models. Based on the MD model with the gradient
energy coefficient, the ferroelectric (FE) polarization dis-
tribution is investigated. The results reveal the correlation
among the FE polarization distribution, the NC effect, and
the device performances for different device parameters,
including the FE thickness (Tgg) and the oxide thickness
(Tox)- The FE polarization distribution tends to transform
from the SD state into the MD state with the increase of Tgg
and the decrease of Tgx. The increased Tgg and decreased
Tox could result in a more significant distinction in the FE
polarization distribution and a further larger difference in
the NC effect between the MD state and the conventional
SD state for NCFETs. The phenomenon above is confirmed
by transient characteristics in NCFETs. More analysis and
design space of NCFETSs are provided by the study results.

Index Terms—Ferroelectric (FE), multidomain (MD),
negative capacitance, polarization switching.

I. INTRODUCTION

EGATIVE capacitance field effect transistors (NCFETs)

have been considered a promising technology to reduce
power consumption for next-generation transistors, due to gate
voltage amplification by ferroelectric (FE) layer, providing the
potential to overcome the physical limitation of 60 mV/dec for
the subthreshold swing (SS) at room temperature. Numerous
studies have explored the influence of device parameters on
NCFETs in order to improve the device performances [1],
[2], [3], [4], [5], [6], [7], [8], [9], [10], [11]. It has been
proven that the use of an internal metal electrode between
an FE and a dielectric will inherently destabilize NC due to
FE domain formation [12]. The FE layer plays a key role in
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the improvement, and thus it is worth studying the polarization
distribution of the FE layer. The previous research in NCFETs
was mainly based on the conventional single-domain (SD)
model without considering the gradient energy coefficient (k)
[11, [2], [3], [4], [5], [6], [7], [8]. However, the polarization
distribution for the NC effect was in relation to multidomain
(MD) ferroelectricity [13], [14], which could be experimen-
tally observed [15]. Recently, the related MD model without
and with domain interaction has been proposed and applied in
NC devices to investigate the FE polarization [12], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26]. The
effect of the device parameters, including the FE thickness
(Trg) and the oxide thickness (Tox), on the FE polarization
distribution has been studied in NC capacitors [20], [21], [22].
Moreover, the energy landscape of FE and the polarization—
voltage (P-V') characteristics at different polarization states
have been also studied in NC capacitors [24]. Nevertheless,
there are only a few related reports in NCFETs [16], [18], [19],
and the difference in transistor device performances between
SD and MD states needs to be further investigated, since
understanding the physical origin of the difference in NCFET
performances between SD and MD states is very helpful for
further research on NCFETs.

Therefore, in this study, we investigated the FE polarization
switching in NCFETs with the MD model by considering k
and evaluated the SD to MD transition with different device
parameters by simulation. Moreover, the influence of such
parameters on the FE polarization and the device performances
was further analyzed to reveal the physical origin of the
difference in device performances between SD and MD states.
The results indicated that the polarization state of the FE
region in NCFETs gradually changed from SD to MD state
as the Trp increased, the Tox decreased or the gate voltage
(V,) increased. For the polarization distribution of the FE
layer at the MD state, the domains became denser with the
Trg decreased and the maximum polarization intensity became
smaller as the 7Tpox increased. The mechanism of the FE
polarization switching was further analyzed. Based on this MD
model and the conventional SD model, respectively, it was
found that the difference of the SS became larger as the

0018-9383 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Xiamen University. Downloaded on March 08,2023 at 15:31:02 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-9725-9566
https://orcid.org/0000-0001-9537-5179

Ll etal.: PHYSICAL INSIGHTS INTO THE PERFORMANCES OF NCFETs USING SD VERSUS MD MODELS 807
Tre increased and the Tox decreased, which could be well TABLE |
explained by the FE polarization switching in MD-NCFETs. MAIN SIMULATION PARAMETERS
These present results could provide an experimental guideline
for the design of future high-performance NCFETs. Symbol Quantity Value
o -1x10° V-m/C
Il. SIMULATION MODEL AND PRINCIPLE ] FE anisotropy parameters 4x10° V-mS/C>
. . 10 \7.m9/C5
For the MD-based simulation, the MD model for the FE 7 . . 6X10_“V mfc
. . . k gradient energy coefficient 110" V-m’/C
layer is established based on the Landau—Khalatnikov (LK) r conductivity of polarization switching 10 S/m
theory, which has been widely used in NC studies [1], [2], €s,0, relative dielectric constant for SiO, 3.9
[31, [4], [5]. It can be given by [21] €HzO relative dielectric constant for HZO 25
Ny S/D doping concentration (n”) 10" cm
1dP 1 Nen channel doping concentration (p) 5% 107cm?
T dr + VpUre =0 &) L, gate length 100 nm
where T is the conductivity of polarization switching, P is the
polarization, and Ugg is the total Gibb’s free energy consid- 30f
MFIM Stack

ering the Landau—Devonshire double-well energy landscape,
stored electrostatic energy, and the free energy because of the
polarization gradient at and around the domain wall (DW).
The Ugg considering the MD state can be expressed as [24]

)

where a, £, and y are the FE anisotropy parameters, k is the
coupling coefficient for the polarization gradient term of the
free energy, Ef is the electric field obtained by the external
voltage across the FE layer. Therefore, the MD-LK equation
captured the effects of MD, and the resulting nonuniform
polarization can be expressed as

Urg = a P> + fP* 4+ y P + k(VP)? — EpP

1dP d2p d%p

———— =2aP +48P3+6y P —2k| — + — ) — Ef.

Fap ~ 2eb TP oy (dx2+dz2) g
(3)

According to (3), the effect of the polarization variations
in 2-D directions, including the x- and z-axis, is considered
in our simulation. For this MD model, we assume that the
polarization direction in the FE is in the upward (positive) or
downward (negative) direction along the thickness of the film
(z-axis), which is commonly set in the previously reported
MD models [17], [18], [20], [21], [22]. In order to capture
the FE polarization distribution and electrical characteristics
of the NC devices, the Poisson equation, drift-diffusion equa-
tion, and the MD-LK equation mentioned above are solved
simultaneously at every mesh point of the device. Table I
shows the main simulation parameters for the NC devices
based on the aforementioned MD model in this work. The
corresponding parameters of the FE layer (HZO) are adopted
from the previous reports [20], [22]. Here, the k value is an
assumed value. And it is worth noting that the DW would be
hard and the non-hysteretic NC effects would not be observed
in HZO films if the k value is lower than a critical value [23].

Fig. 1(a) shows the schematic metal-ferroelectric-metal
(MFM) and metal-ferroelectric-insulator-metal (MFIM) struc-
tures, respectively, which are commonly used for the NC effect
study. Fig. 1(b) shows the simulated P—V characteristics of
the FE in the MFM and MFIM capacitors, which could be
obtained from the RCgg simulation circuit diagram shown in
the inset based on the parameters mentioned in Table I. The FE
material passes through a region where the differential capaci-
tance is negative when switching from one stable polarization

nm

A Ferroelectric (F)

i Ferroelectric (F)

nm

FE Capacitor

Resistor

Voltage (V)

Fig. 1. (a) MFM and MFIM structures and (b) P-V characteristics of the
FE inthe MFM and MFIM capacitors with the inset of the RCgg simulation

circuit diagram.
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Fig. 2. (a) Schematic structure and equivalent circuit diagram of the
NCFET device and (b) Iq—Vy characteristics of the SD-NCFET and
baseline MOSFET.

to the other. By using the series resistor, the switching of the
FE film is effectively slowed down to make it observable.
Therefore, the NC transients can then be measured in RCgg
simulation circuit [27]. It was clearly observed that the P-V
characteristic of the FE in the MFIM capacitor presented two
windows at a certain voltage, which was different from that in
the MFM capacitor. This phenomenon was also found in the
previous reports [20], [21], [22]. Compared with the MFM
capacitor, the charges of the MFIM capacitor induced by
spontaneous polarization in the FE could not be compensated
immediately due to the existence of the dead layer [24].
Therefore, the distribution of multiple domains with opposite
polarization directions was a better choice to reduce the total
energy, resulting in the MD state in the MFIM capacitor.
Fig. 2(a) illustrates the schematic structure and equiva-
lent circuit of the NCFET device using HZO as the FE
layer, in which the FE material parameters were consistent
with those mentioned in Table I. Fig. 2(b) shows the I;-V,
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profile at different V.

characteristics of the NCFET based on the conventional SD
model (SD-NCFET) and the baseline MOSFET with the
parameters shown in the inset and Table I. The obtained SS
of the SD-NCFET and the baseline MOSFET were 56 and
66 mV/dec, respectively, resulting in the fact that the per-
formances of the NCFET had achieved improvement due to
the FE voltage amplification effect [7], [28], [29]. In this
work, the FE polarization switching was simulated based on
the MD model by considering k and the influence of the
FE polarization switching on the device performances was
subsequently investigated in comparison with the mentioned
SD-NCFET.

I1l. RESULTS AND DISCUSSION

Fig. 3(a)—(c) shows the output I;—V, characteristics of the
NCFETs with different V, based on the conventional SD and
aforementioned MD models. It was clearly observed that the
1; decreased with the V; increasing, which could be described
as the negative differential resistance (NDR) effect. This NDR
effect was caused due to the fringing field lines coupled
to the channel region of the transistor. With increasing the
drain bias, the fringing field lines coupled to the channel
increased the potential barrier in the channel, resulting in the 1,
reduction, which was different from the traditional MOSFET.
Although the existence of NDR could lead to the hysteretic
voltage transfer characteristics of the logic gates producing
the higher noise margins, it could also compensate for the
drain-induced barrier lowering (DIBL) effect in short channel
MOSFET, pushing out the scalability limit of the CMOS
devices [11]. As shown in Fig. 3(a)—(c), the NDR effect was
more pronounced in the MD-NCFET as compared to the SD
case. This phenomenon could be attributed to the different
channel barriers affected by the FE polarization distribution
in the SD and MD states, as shown in Fig. 3(d). The overall
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Ve Ty =10 nm P. 71 (b)
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Fig. 4. (a) Dependency between the FE polarization distribution and Vy,
as Vg =0.05 V. (b) Gate and oxide voltage distribution along the channel.

channel barrier in the SD state is higher than that in the MD
state. Therefore, the FE polarization distribution in the MD
state gives the device a larger I; and generates a larger NDR
effect. Moreover, it can be observed that the channel barriers
in the SD and MD states became close as the V, increased,
resulting in the difference in the I;—V; curves between the
SD and MD states becoming smaller and the overlap portion
increased as the V, increased. This could be also proved by
the ratio of the maximum /; at the MD state to that at the SD
state, which exhibited a significantly decreasing trend with the
increase of the V,. The variation of the V, caused a different
influence on the output characteristics through the modification
of the interface voltage by the FE polarization distribution
as compared to the traditional MOSFETs. Therefore, the FE
polarization distribution due to the variation of the V, was of
great importance and needed to be clarified.

Fig. 4(a) shows the variation of the polarization distribution
in the FE layer along the channel with V, when Tgg = 10 nm
and Tox = 3 nm in the MD-NCFET. It was clearly seen
that the FE layer was in the MD state with existing both
positive and negative polarization states at the same time. This
polarization distribution seems symmetric, which is formed
due to the FE to minimize the whole system energy. The
formation of periodic alternating polarization contributes to the
reduction of depolarization energy as well as free energy [30].
In addition, the V; here was so small that it did not signifi-
cantly affect the symmetry. As the V, increased, the overall
polarization intensity increased gradually, and the polarization
distribution tended to be homogeneous. For NCFET operation,
it was important to analyze the surface voltage of the oxide
layer [denoted as the Vpox in Fig. 2(a)], which was related to
the polarization distribution of the FE layer [22]. Fig. 4(b)
shows the variation of the oxide voltage along the channel
with V. It could be observed that the distribution of the
V, along the channel was uniform, while the distribution
of the oxide voltage along the channel was not uniform.
Moreover, with the V, increasing, the oxide voltage along
the channel also tended to be uniform, which was consistent
with the trend of polarization distribution in Fig. 4(a). Note
that the Ep distribution was opposite to the FE polarization
distribution in the MD state. Therefore, the oxide voltage
became nonhomogenous with the maximum and minimum
values corresponding to the center of the domains with positive
and negative polarization, respectively. As the V, increased
from O to 0.6 V, the difference between the maximum and min-
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Fig. 5. Iq—Vy characteristics as Vy = 0.05 V with Tox = 3 nm and
(a) Tee =6 nm, (b) Tee = 7 nm, (c) Teg = 8 nm, and (d) extracted SS
for different Tge with Tox = 3 nm based on the SD and MD models.

imum oxide voltage decreased from 0.4 to 0.1 V. This proved
that the interface voltage was affected by the FE polarization
distribution. Hence, the smaller difference in the I,—V,; curves
between the SD and MD states at larger V, can be accounted
for the tendency of the FE polarization distribution to change
from MD to SD state as the V, increased.

It was well known that the key factors including the Trg
and Tpox had a great impact on the NCFET performances
based on the conventional SD model [7], [8], [9]. However,
the MD formation due to the depolarization field, which was
associated with the NC effect, could also play a key role in
the NCFET performances. Consequently, we compared the
14—V, characteristics of the NCFETs with different Tgg based
on the conventional SD and aforementioned MD models as
shown in Fig. 5(a)—(c). Fig. 5(d) depicts the extracted SS
for these devices. The SS decreased with the Tgg increas-
ing for both the SD and MD states. The lower SS was obtained
for the conventional SD model, indicating the better NC effect
achieved in the SD state. Moreover, the difference in the SS
(ASS) between the SD and MD states decreased with the Tgg
decreasing, indicating that the NC effect in the MD state was
closer to that in the SD state as the Trg decreased.

To further explain the SS difference between the SD and
MD models for different Trg, the Tpg impact on the FE
polarization distribution was investigated. Fig. 6(a) shows the
relation between domain density and Tgg with fixed k. The
domain density of the FE layer decreased as the Trg increased.
According to the Landau—Kittle formula [24], [30], for satis-
fying the minimum energy, the domain width (W) with an
anti-parallel pattern in separate FE regions should be consis-
tent with W = (0, Tge /1.7 P%)'/? [30], which indicated that the
W increased with the increase of the Tgg. Here, o, was the DW
energy density. Therefore, with the decrease in the Tgg, the
domain pattern in the FE layer became denser. Fig. 6(b) shows
the critical FE thickness of SD to MD transition (7sp_mp) for
NCFETs with various k at V, = 0 V. It was observed that as
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Fig. 6. (a) Relation between domain density and FE thickness with

k=1 x 10" v.m3/C, and (b) conditions for SD and MD states for
different k and Tgg with Tox = 3 nm.

the Tgg gradually increased, the FE polarization distribution
changed from SD to MD state with fixed k. With the fixed k =
1 x 107" V.m*/C, the FE polarization distribution changed
from MD to SD state when Trg < 4 nm, resulting in the
SS of the MD curve in Fig. 5(d) starting from Tpg = 4 nm.
The decrease of Ty in the MD region was accompanied by
the increase of the domain density as shown in Fig. 6(a),
which makes the total energy of DW energy and depolarization
energy increase. As the Trg decreased into the SD region, the
total energy of DW and depolarization energy was larger than
the FE anisotropy energy, resulting in the SD state (P = 0).
Moreover, the Tsp_ymp gradually increased as the k increased.
The k increase caused the increase in the DW energy and
further in the total energy. Accordingly, the large Tsp_ymp With
high FE anisotropy energy was allowed to make FE stable in
the SD state [22]. Therefore, the smaller difference in the SS
between the SD and MD models with the smaller Trg could
be attributed to the enhancement of domain density, which
was accompanied by the percentage of DW energy in the total
energy improved as the Trg scaled. Consequently, the MD state
gradually transformed into the SD state with the reduction of
the Trg. The SS change of the devices was consistent with the
change of the FE polarization distribution as the Trg changed,
indicating that the polarization state could affect the NC effect,
which subsequently affected the device’s performance.
Besides Trg, the impact of the Tpx on the FE polarization
distribution was also needed to be studied to select the appro-
priate value in the NCFET design. Fig. 7(a)—~(c) shows the
1,-V, characteristics of the NCFETs with different Tox based
on the conventional SD and aforementioned MD models, and
Fig. 7(d) shows the extracted SS for these devices. As the Tox
decreased, the SS increased while the ASS decreased, indicat-
ing that the difference in the device performances between the
SD and MD models became smaller. For further explanation,
the Tox impact on the FE polarization distribution was also
investigated. Fig. 8(a) presents the change of FE polarization
distribution for different Tox with Tgg = 5 nm. It was observed
that the FE polarization distribution tended to be suppressed
and the maximum intensity of polarization decreased as the
Tox increased. The electric field in the depolarization field
could be given by Egp = Pleoere(Cox/Cre + D17 [31],
where ¢y and epg were the vacuum and FE permittivity,
respectively. The Eg, increased as the Tpx increased (Cox
decreased), resulting in suppressed polarization. Thus, the FE
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polarization distribution tended to be homogeneous and the FE
state transformed from MD to SD with the Tpox increase as
shown in Fig. 8(b). The FE anisotropy energy was constant as
the Trg was a certain value. The FE polarization distribution
changed from MD to SD state as the Tox increased, which
could be explained by the increased total energy of the DW
and depolarization energy with the Tox increase. Since the
larger Trg had lower DW energy, depolarization energy, and
higher FE anisotropy energy, it needed a larger Txg to achieve
the transition from the SD to MD state as the Tox increased.
Hence, the Tsp_mp gradually increased with the increased
Tox. Therefore, as the Tpx increased, the FE polarization was
suppressed and the polarization distribution changed from MD
to SD state, which made the NC effect in the MD state close
to that in the SD state. It indicated that the Tox had an impact
on the FE polarization distribution as well as the NCFET
performances.

IV. CONCLUSION

The performances of the NCFETs were compared by sim-
ulation using the conventional SD and aforementioned MD
models in this study. The FE polarization distribution and the
transition from the SD to MD state for the NCFETs were

revealed. The results show that the device parameters including
Trg and Tox could affect the FE polarization distribution,
which could further affect the device performances by affect-
ing the NC effect. The physical origin of the difference in
the device performances based on the SD and MD models
was analyzed by determining FE polarization distribution in
NCFETs, which could provide a reference for the design and
fabrication of future practical high-performance NCFETs.
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