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ABSTRACT We have investigated transient /g — Vg and Iq — Vg characteristics of ferroelectric field-effect
transistor (FeFET) by simulation with ferroelectric model considering polarization switching dynamics.
We show transient negative capacitance (TNC) with polarization reversal and depolarization effect can
result in sub-60mV/dec subthreshold swing (SS), reverse drain-induced barrier lowering (R-DIBL), and
negative differential resistance (NDR) without traversing the quasi-static negative capacitance (QSNC)
region of the S-shaped polarization-voltage (P — V) predicted by single-domain Landau theory. Moreover,
the mechanisms of R-DIBL and NDR based on the TNC theory are discussed in detail. The results
demonstrated in this work can be a possible explanation for the mechanism of previously reported
negative capacitance field-effect transistor (NCFET) with sub-60mV/dec SS, R-DIBL, and NDR.

INDEX TERMS Ferroelectric, FET, negative capacitance.

I. INTRODUCTION
Ferroelectric field-effect transistor (FeFET) with sub-
60mV/dec subthreshold swing (SS) has become one of the
most promising transistor solutions for low-power comput-
ing [1]-[3]. Because it has many advantages including (1)
high on-state current due to the conventional drift-diffusion
carrier transport mechanism, (2) CMOS-compatible mate-
rial and process thanks to the discovery of ferroelectric
HfO, [4], [5], and the minimum circuit design modifica-
tion. Since the physical mechanism of sub-60mV/dec SS is
based on negative capacitance (NC) effect of ferroelectric,
it is also called negative capacitance field-effect transis-
tor (NCFET). FeFET with sub-60mV/dec SS has been exper-
imentally demonstrated by many research groups [6]-[8].
However, its physical mechanism is still under debate;
how NC effect emerges in ferroelectric thin film inte-
grated in the gate stack of FeFET is one of the most
important questions which remain to be answered in this
research area.

NC effect was originally proposed based on the quasi-
static NC (QSNC) theory (Fig. 1 (a)) [1], [2]. For

ferroelectric material, there is a meta-stable NC region in
the S-shaped polarization-voltage (P-V) predicted by single-
domain Landau theory. It was proposed that this NC region
can be stabilized by connecting an appropriate paraelectric
capacitor [2], [9]. In this way, the S-curve can be tra-
versed bidirectionally without any hysteresis, which makes
the idea of developing NCFET possible. However, recently,
it was pointed out that sub-60mV/dec SS observed in exper-
iments can be explained by the transient NC (TNC) theory
(Fig. 1 (b)) without traversing the QSNC region of the
S-curve [10]-[15]. Even with the conventional multi-domain
model in which the quasi-static capacitance of ferroelectric
is always positive, NC may happen in transient conditions
due to the incomplete screening of spontaneous polarization
charge [10], [11], [16]-[18]. Note that polarization switching
dynamics is responsible for NC effect in transient conditions
according to the TNC theory. Therefore, NC effect should
be dependent of voltage sweep range and sweep time. It
seems that most of sub-60mV/dec SS observed in exper-
iments (at least with hysteresis) can be better explained
by the TNC theory in accordance with the dependence of

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 8, 2020

429


https://orcid.org/0000-0002-8517-459X
https://orcid.org/0000-0001-9469-2631
https://orcid.org/0000-0002-7945-6136

ELECTRON DEVICES SOCIETY

JIN et al.: PHYSICAL MECHANISMS OF REVERSE DIBL AND NDR IN FeFETs WITH STEEP SUBTHRESHOLD SWING

Charge Charge
(a) The QSNC theory 1 NC stabilized by 1
connectinga
paraelectric capacitor QSNC
Single-domain Voltage Voltage
Landau theory o o
A standalone FE An FE-DE
A Charge
(b) The TNC theory } Charge |dP/dtj>|dQ/dt] in
transient conditions
Multi-domain Voltage TNC Voltage
Preisach model i > E> T 1 ™ C.
1
T ient
QS condition C:;':,silt?:n

FIGURE 1. (a) For the QSNC theory, the meta-stable NC region of the
S-curve predicted by single-domain Landau theory (the dot line) can be
stabilized by connecting an appropriate paraelectric capacitor. In this way,
the S-curve can be traversed bidirectionally without any hysteresis, which
makes the idea of developing NCFET possible [1], [2]. (b) For the TNC
theory, the quasi-static capacitance of ferroelectric is always positive. NC
may happen in transient conditions due to the incomplete screening of
spontaneous polarization charge [10], [11], [16]-[18].

the subthreshold characteristics on voltage sweep range and
measurement time [8], [11]-[13].

In our previous work, both a ferroelectric-dielectric (FE-
DE) series capacitor and FeFET were simulated to investigate
the physical mechanism of sub-60mV/dec SS based on the
TNC theory [10]. We found that TNC and sub-60mV/dec
SS are induced under the condition of IdP/d/l > |dQ/dzl
(depolarization effect) in transient case. In addition, small
depletion layer capacitance of FeFET boosts depolarization
effect and thus prominent sub-60mV/dec SS in subthreshold
region.

FeFET with sub-60mV/dec SS also exhibits unique
device characteristics such as reverse drain-induced
barrier lowering (R-DIBL) and negative differential resis-
tance (NDR) [6], [19]-[21]. Previously, these special behav-
iors were predicted by the QSNC theory and regarded as the
indication of the stabilized NC in ferroelectric [22]—[24]. The
theory of NC needs to give reasonable explanation not only
for steep SS but also R-DIBL and NDR consistently. In this
work, which is an extended version of [25], we investigate
if the TNC theory can also explain R-DIBL and NDR by
transient device simulation. In particular, the mechanisms of
R-DIBL and NDR based on the TNC theory are discussed
in detail according to the simulation results.

This paper is organized as follows. In Section II, the ferro-
electric model considering polarization switching dynamics
and the simulation methods of transistors are introduced. In
addition, a ferroelectric capacitor in response to triangular
waveforms is simulated to extract ferroelectric parameters
and verify the model. In Section III-A, transient /g — Vg
characteristics of FeFET are simulated and the mechanisms
of sub-60mV/dec SS and R-DIBL are discussed in detail
based on the TNC theory. Then, in Section III-B, tran-
sient Ig — Vg4 characteristics of FeFET are simulated and
the mechanism of NDR is discussed in detail based on the
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FIGURE 2. The static saturation (a) P — V and (b) Q — V loops of
a ferroelectric capacitor.
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FIGURE 3. (a) The static saturation P — V loop and (b) the static minor
P — V loop of a ferroelectric capacitor.

TNC theory. Finally, in Section IV, the conclusion is drawn
according to the previous simulation results.

Il. MODEL DESCRIPTION AND SIMULATION METHODS
A. FERROELECTRIC MODEL DESCRIPTION

The static saturation polarization-voltage (P — V) loop of fer-
roelectric (Fig. 2 (a)) is described by Miller model which is
an analytical version of multi-domain Preisach model [26].
Here, P; and P; are saturation and remnant polarization,
respectively. Vi and V. are voltage across ferroelectric and
coercive voltage of ferroelectric, respectively. By considering
a paraelectric component, the static saturation charge-voltage
(Q—V) loop (Fig. 2 (b)) is calculated by the sum of sponta-
neous polarization and the paraelectric component. Here, &,
and fg are the relative dielectric constant and the thickness
of ferroelectric, respectively.

In order to capture minor loops due to partial polarization
switching and ferroelectric history, the turning point method
is applied [27], [28]. Fig. 3 (b) is an example of minor
P — V loops staring from the saturation loop and passing
through points a, b, c, d, and e in sequence. The minor loop
is calculated according to the last two turning points ((Vi—1,
pi—1) and (Vj, pi)), as shown by the equations in Fig. 3 (b).
Then, the minor Q — V loop can be obtained by considering
the paraelectric component, which is the same as the method
illustrated in Fig. 2.

Finally, polarization switching delay is introduced to sim-
ulate the dynamic behavior of ferroelectric [10], [14]. The
delay is determined by a first order differential equation (the
equation in Fig. 4) where the switching delay (r) is a con-
stant. The equivalent circuits of a ferroelectric capacitor in
both static and transient conditions are illustrated in Fig. 4.
In transient conditions, the actual driving force of sponta-
neous polarization is the auxiliary voltage (Vaux). There is
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FIGURE 4. Equivalent circuits of a ferroelectric capacitor in both static and
transient conditions.
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FIGURE 5. (a) The simulated static saturation Q — V with parameters fitting
to the measurement result [29]. (b) The simulated static minor Q — V with
+Ps and —Ps initialization (4 - -1 — 4V and -4 — 1 — -4 V). (c) The
simulated dynamic Q - V at different sweep rates.

certain delay between Vg, and the actual voltage across
ferroelectric (V).

B. PARAMETER EXTRACTION AND MODEL VERIFICATION
To extract the parameters and verify the abovementioned
ferroelectric model, a ferroelectric capacitor in response
to triangular waveforms (inset of Fig. 5 (a)) is simulated.
Fig. 5 (a) plots the simulated saturation Q — V with param-
eters fitting to the measurement result [29]. Fig. 5 (b) plots
the simulated minor loops with +Ps and —Py initialization.
Fig. 5 (c) plots the dynamic Q — V at different voltage sweep
rates. The hysteresis is enlarged at higher sweep rates due
to polarization switching delay. Note that the value of 7 is
assumed to be 4 msec in this work, since the recent mea-
surement shows 1 of ferroelectric HfO, can be in msec
scale [15]. Assuming other value of t does not qualitatively
affect the conclusion of this work.

C. SIMULATION METHODS OF TRANSISTORS

Fig. 6 (a) illustrates the simulated device structures and
parameters. Both FeFET and reference MOSFET are sim-
ulated. The only difference between them is the additional
HfZrO, (HZO) thin film in the gate stack of FeFET.

Fig. 6 (b) shows the flow chart for transistor simulation.
Before transient Iy — Vg and Iq — V4 simulation, quasi-
static (QS) sweep is applied to initialize certain polarization
states and bias conditions. After that, double V or V4 sweep
is applied in transient conditions. Note that the value of
Vmax in Fig. 6 (b) is large enough to initialize saturation
polarization (Ps) in this study.
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FIGURE 6. (a) The simulated device structures and parameters. (b) The
flow chart for both 14 — Vg and I4 — V4 simulation.
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FIGURE 7. The simulated transient /4 — Vg characteristics and the
calculated SS — /4 for FeFET.
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FIGURE 8. The simulated transient /5 — Vg characteristics and the
calculated SS — /4 for reference MOSFET.

lIil. RESULT AND DISCUSSION
A. Ip — Vg CHARACTERISTICS AND R-DIBL
Fig. 7 and 8 plot the simulated transient /4 — V character-
istics and the calculated SS — I4 for FeFET and reference
MOSFET, respectively. FeFET shows counterclockwise hys-
teresis in Iy, which is caused by polarization switching.
Meanwhile, prominent sub-60mV/dec SS and R-DIBL are
observed in reverse sweep. Whereas reference MOSFET
shows hysteresis-free operation. Note that sub-60mV/dec
SS appears to occur at low /4 in forward sweep even for
MOSFET. This is due to the fact that /4 at the drain electrode
consists of both drift-diffusion current and displacement
current which is charging/discharging current of the gate-
to-drain capacitor in transient condition. During forward V,
sweep, the directions of these two current components are
opposite, thus making SS lower than 60mV/dec.

To confirm the physical origin of sub-60mV/dec SS,
Fig. 9 (a) plots the polarization switching current (IdP/dtl),
the total free charge current (I/;| = 1dQ/d¢l) flowing through
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FIGURE 10. (a) The threshold voltage (Vy,) at V4 = 50 mV and 0.5 V as
a function of gate length (Lg). (b) DIBL as a function of Lg.

the gate, and voltage across ferroelectric (Vg) during
reverse V, sweep. Note that here Ig is only induced by
displacement current and there is no other leakage com-
ponent, because the insulator is assumed to be ideal in
this simulation. In certain V, region, IdP/dzl is larger than
lI;| = |dQ/dzl (green shade in Fig. 9 (a)), leading to TNC
and SS improvement [10], [17], [30]. This can be better
understood by considering the charge balance condition:
O = o0&, Vteltte+P. Once IdP/dtl is larger than I/, = 1dQ/d,
the signs of dV¢/dt and dVy/dt are opposite and TNC
occurs. In other words, the depolarization effect caused by
the switched spontaneous polarization results in TNC, if the
screening by free charge at the gate electrode cannot response
fast enough. Moreover, both IdP/dfl and Iyl = 1dQ/dsl are
suppressed by small depletion capacitance in subthreshold
region [10], which is consistent with the experimental result
in [31]. The extracted Qfe — Vfe also exhibits TNC in cer-
tain region, as shown in Fig. 9 (b). Since the TNC region
(green shade in Fig. 9 (b)) covers more of the subthreshold
region (the low positive charge region in Fig. 9 (b)) in the
transition from inversion region to depletion region during
the reverse sweep than in the transition from accumulation
region to depletion region during the forward sweep, sub-
60mV/dec SS is prominently observed in reverse sweep in
experiments [7], [8], [21].

Fig. 10 (a) and (b) plot the threshold voltage (Vy,) and
DIBL as a function of gate length (Lg) for both FeFET
and reference MOSFET. For FeFET with long Lg, as Vy
increases Vi, becomes higher and the value of DIBL is nega-
tive. This phenomenon is opposite to conventional MOSFET
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FIGURE 12. Simulated charge density in the channel (N,) at different V4
for (a) reference MOSFET and (b) FeFET. (c) Voltage across ferroelectric
(V) at different V4.

and regarded as R-DIBL. As L, decreases, DIBL of FeFET
gradually increases and becomes close to zero due to the
short channel effect (SCE) and finally becomes positive due
to the dominant SCE. R-DIBL can be also judged by the
increased barrier height as shown in Fig. 11.

To explore the mechanism of R-DIBL, we investigated the
charge density in the channel (N.,) and the voltage across the
ferroelectric layer (Vi) at different V4 (Fig. 12). For fixed
Vg, higher V4 will lead to higher channel potential and thus
lower N¢, and more depletion near the drain. This happens
even for conventional MOSFET (Fig. 12 (a)). However, for
FeFET, higher V4 (lower N, and more depletion) will result
in higher Vi (reduced IVgl) due to TNC (Fig. 12 (b)). The
increased Vi will further decrease N¢, (Fig. 12 (c)), raise
the channel electron potential shown in Fig. 11, and thus Ig4
decreases. In this way, R-DIBL happens.

B. Ip-Vp CHARACTERISTICS AND NDR
Fig. 13 (a) and (b) plot the simulated transient Iy — Vg4
characteristics for FeFET with 4+P (low Vi) and —Pg (high
Vin) initialization, respectively. In the case of +Ps initial-
ization, I4 shows large hysteresis. Moreover, /g decreases
as V4 increases in forward V4 sweep, which is regarded as
NDR. However, in the case of —Ps initialization, /g is nearly
hysteresis-free and no NDR is observed. These results are
consistent with experiments demonstrated in [21].

Fig. 14 (a) plots /4 — V4 in forward sweep at V; = 0.3 V
with different L, when +P; is initialized. To observe the L,
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dependence of NDR more clearly, the corresponding recip-
rocal of differential output resistances (1/rqg = gq = dl¢/dVy)
are calculated (Fig. 14 (b)). As L, scales down, NDR is first
strong, then becomes weaker, and finally disappears, which
is due to the competition between TNC and SCE.
According to the simulated Iy — Vg characteristics
(Fig. 13), ferroelectric history should play an important role
in NDR. Therefore, we investigated the Q — V trajectory of
ferroelectric (Qfe — V) near the drain during the transient
Va sweep (Fig. 15). Note that TNC can be induced during
Va sweep instead of V sweep. In the case of +P; initializa-
tion, Qg — Vg during V4 sweep shows large hysteresis and
TNC is observed only in forward V4 sweep because there is
a pathway where Qr. decreases while Vi increases as a part
of saturation loop. Whereas, in the case of 4P initializa-
tion, Qfe — Vie during V4 sweep is nearly hysteresis-free and
no TNC is observed because there is no pathway where Qg
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FIGURE 16. (a) Ny, and (b) Vg, near the drain during the transient V4
sweep.

increases while V. decreases in a minor loop. The behaviors
of Qfe — Vi are consistent with Iy — Vg4 (Fig. 13), which
means TNC is responsible for NDR observed in forward
sweep, if +Ps is initialized.

The mechanism of NDR is similar to R-DIBL shown in the
previous part and it can be illustrated as follows. Fig. 16 (a)
and (b) plot N, and Vi near the drain during the transient
Va sweep, respectively. For fixed Vg, as Vq4 increases, Nen
decreases and the channel near the drain depletes more due
to the increased channel potential near the drain (Fig. 16 (a)).
Then, in TNC region, V¢ increases (Fig. 16 (b)) according
to the charge balance condition. This increased Vi, further
reduces N near the drain (Fig. 15 (a)), electron potential
is raised, and /g decreases. Therefore, NDR happens. This
can be also interpreted as R-DIBL in that Vy, increases and
thus Iy decreases as Vg increases.

IV. CONCLUSION

According to the TNC theory, NC effect and sub-60mV/dec
SS of FeFET are induced by the incomplete screening of
spontaneous polarization charge (IdP/d¢l > |dQ/dtl) in tran-
sient condition, which is different from the QSNC theory
where stabilized S-curve is traversed bidirectionally without
hysteresis. In this work, transient Iy — Vg and Ig — Vg
characteristics of FeFET are simulated based on the TNC
theory and the calibrated parameters of ferroelectric HfO,.
Simulation results were able to reproduce not only sub-
60mV/dec SS but also R-DIBL and NDR. By investigating
Nchn and Vg near the drain, we find that TNC boots the
decreasing of N., and raising the channel electron poten-
tial near the drain as Vy increases, leading to R-DIBL and
NDR. The TNC theory illustrated in this work can be a pos-
sible explanation for the mechanisms of previously reported
NCFET with sub-60mV/dec SS, R-DIBL, and NDR.
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