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Unveiling the Apparent “Negative Capacitance”
Effects Resulting From Pulse Measurements of
Ferroelectric-Dielectric Bilayer Capacitors

Zhan Liu

Abstract— Apparent ‘Negative Capacitance’ (NC) effects
have been observed in some ferroelectric-dielectric (FE-DE)
bilayers by pulse measurements, and the associated results
have been published that claim to be direct evidence to
support the quasi-static ‘negative capacitance’(QSNC) idea.
However, the ‘NC’ effects only occur when sufficiently high
voltage is applied, and even exist in stand-alone FE capaci-
tors. These results contradictthe QSNC theory, as it predicts
that once stabilized (requires a DE layer), the FE remains
in the ‘NC’ state regardless of the applied voltage. In this
letter, by the use of Nucleation-Limited-Switching (NLS)
model, we present our results obtained from simulation
of pulse measurements on samples that are similar to the
published ones. The simulation results indicate that reverse
polarization switching occurs upon the falling edge of the
pulses, which leads to the apparent hysteresis-free NC
effect. This work provides an alternative interpretation of
the experimental results without invoking the QSNC theory.

Index  Terms—Ferroelectric, ferroelectric-dielectric
bilayer, negative capacitance, Nucleation Limited Switching
(NLS), numerical simulation.

|. INTRODUCTION

INCE first introduced in 2008 [1], the concept of fer-

roelectric ‘Negative Capacitance’ (NC) has become one
of the hottest semiconductor research topics. Specifically, the
Quasi-Static ‘Negative Capacitance’ (QSNC) theory [1] pre-
dicts the possibility of sub-60 mV/dec subthreshold swing (SS)
in ferroelectric-gated field-effect transistors (FeFETs). Over
the years, numerous experimental results have been reported
to support the QSNC theory [2]-[10].

Among these experiments, a few involving pulse
measurements of ferroelectric-dielectric (FE-DE) bilayer
capacitors appeared to be most credible [8]-[10]. The
researchers applied a sequence of pulses to the capacitors,
and integrated the measured currents to obtain charge. The
reason for using pulse measurement instead of quasi-static
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Fig. 1. (a) Two possible switching patterns claimed in [16].
Domain switching is claimed to be possible only with charge injection.
(b) Schematic of the pulse measurement results. (c) The Qp-V curves
for FE-DE and DE with the same DE thickness.

measurement is that charge-injection- assisted switching is
suppressed with pulse measurement. Two possible switching
patterns according to [8], [16], [17] are shown in Fig 1(a).
The pulse measurement is faster than the time required for
charge injection, such that the only possible switching pattern
is Landau switching, and thus the NC effect arises. The
typical charge-pulse relationship of the pulse measurement
is depicted in Fig. 1(b). Three types of charges are defined:
Omax, the maximum charge; Qp, released charge during the
falling edge; and Qy.s, the residual charge. Among them,
QOp is claimed to be the available free charge since both Q4
and Q,.s include permanent polarization switching induced
charge. Thus, the capacitance of the bilayer is claimed to be
the slope of the Op — V curve. A representative curve is
qualitatively shown in Fig. 1(c). With high pulse amplitude,
the slope of FE-DE stack is larger than that of the DE
(capacitance boost effect), and no hysteresis is observed when
sweeping back. These results provide strong support for the
QSNC theory, based on the assumptions that (1) Landau
switching is the only possible pattern, and (2) Qp is not
affected by permanent polarization switching.

In this work, we first show that domain switching could hap-
pen without charge injection. Then, by the use of the Nucle-
ation Limited Switching (NLS) model [12], [13], we show
that reverse switching, which happens at the falling edge
of the pulse, can gives rise to the ‘NC’ effect observed in
the imprinted FE capacitors [8] and FE-DE bilayer capac-
itors [8]-[10]. Our simulation results are consistent with
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Fig. 2. Domain switching without FE-DE interface charge injection. The
horizontal polarization acts as the compensation charge.

the reported experimental results presented in [8]-[10], and
indicate that the pulse measurements only exhibit the ‘NC’
effects if reverse switching occurs.

Il. DOMAIN SWITCHING WITHOUT CHARGE INJECTION

In the aforementioned switching patterns described in [16],
the authors only considered polarization in the vertical direc-
tion, and the horizontal polarization is ignored. However,
with the existence of horizontal polarization, it is possible
to have domain structure, such as the one shown schemat-
ically in Fig. 2. The horizontal polarization has the effect
of compensating the charge difference of vertical domains
with inverse polarization. Both theoretical and experimen-
tal works have shown the existence of horizontal polar-
ization [7], [18]-[20]. Furthermore, polycrystalline Hf-based
ferroelectrics are unlikely to exhibit only uniform Landau
switching. In general, it is reasonable to simulate pulse mea-
surements with the domain switching model, instead of the
Landau switching model.

[1l. NUCLEATION LIMITED SWITCHING (NLS) MODEL

To simplify the simulation, all the interface charges and
defects are ignored, and the bilayer capacitor is regarded as
the FE and DE capacitors connected in series. The Q — Vg
relationship is thus expressed as:

(Q—Prp) | 0

Vapp = Vrg + Vpg = Cre + Cor (1)

in which Q is the free charge on the electrodes. Crg =
ere/drg and Cpg = epg/dpg are the linear capacitance of
FE and DE, respectively. Prg is the ferroelectric polarization.

In NLS model, the ferroelectric layer is an ensemble of
domains that switch independently [13]. For each domain,
the switching is described as:

N
pt,7)=1—exp [— (;) } @

where p € [0, 1] is the proportion of switched domains, f is a
fitting parameter, and 7 is the waiting time of nucleation that
is a function of the field given by the empirical expression:

E, \*
e () ®

where, 7 is the minimum waiting time when the applied field
is infinite, Erf is the average field in the ferroelectric, E, is
the activation field, o is an empirical parameter, and # defines
the relationship between the local field and the external field,
while its distribution reflects the inhomogeneous nature of the

polycrystalline ferroelectric. For HfZrO», the distribution of #
is given by [13]:
a (n)ac—l

fn= bob
B(c,d) (1+ (1))

where, a, b, ¢, and d are distribution parameters, and B (c, d)
is the beta function.

With these expressions, the polarization is computed as
(where Pg is the saturated polarization):

PFE(EFEJ)=—P5+2PS/O p,0) f(pdn  (4)

IV. SIMULATION

We use the finite difference method (FDM) to solve the
equation. From (4), the finite difference of Prg is:

oP oP
FEdt+ FE
ot OEFE

here, both df and dEpg are variables. However, in the
time domain simulation, dz is the only independent variable,
while dEgg is a function of df. Thus, we need to calculate
both dEfpr and dPpg as functions of dt. To do this, we
notice that dEpg is also a function of dPrg, given that
dEFg = (dQ — dPrg)/erg. From (1), we have dQ =
(dPreCpg)/(Crg + Cpg) when V), is fixed (pulse mea-
surement). With these two equations and (5), we are able to
calculate dEpg as:

dPFE=

dEFE )

O0PFE
“Edr

¢DEAFE OPrg
(1 + SFEdDE) EFE T OEFE

dEpg = —

The derivatives of Ppg with respect to t+ and Epg are
calculated from (2), (3), and (4). In some extreme cases, dE g
is too large so that 0Prg/0Efpgpmay change significantly
between Erg and Efpg + dEfpg. In such cases, we adjust
the step of dEFg and update 0 Prg /0 Epg until the condition
is fulfilled.

The polarization state of each domain is recorded through-
out the simulation. Before a pulse is applied, we calculate
the effective ‘time’ #p; of each domain based on (2) and the
current value of Erg. These fy; are used as the starting points
for the calculation, assuming the corresponding polarization
states are the result of applying the current Efg for #p; time.
This procedure solves the problem when partially switched
polarization is the initial condition.

In this simulation, we use HZO as the FE, and Al,O3 as
the DE. The corresponding parameters are: a = 3.73, f =
2.06, 19 = 236 ns, E, = 1.94 MV /cm, Ps = 27uC/cm?,
ere = 30¢o, epg = 8¢, dpp = 10 nm, a = 9.0986, b =
1.3935, ¢ = 1.1101, and d = 15.197, where g is the vacuum
permittivity [13].

V. RESULTS AND DISCUSSION
A. Stand-Alone Imprinted FE Capacitor

Fig. 3 shows the simulation results of an imprinted FE
capacitor, which represents the BTO sample depicted as the
inset of Fig. 2(f) in [8]. To simplify the simulation, the imprint
is simulated as the shifts of the coercive voltage.
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Fig. 3(a) depicts the typical imprint behavior of a FE capac- ,,‘ g COKPSEEEs ol — . —
itor and its related reverse switching. The remnant polarization ° Vosgean Vi V)
(polarization at V. = 0) of the imprinted FE is smaller than Fig. 4. Simulation results of FE-DE capacitor with 10nm of FE layer.

that of the non-imprinted FE. When applied voltage drops to
zero, there is a reverse polarization switching, as shown in
Fig. 3(a). Fig. 3(b) shows the applied pulse and polarization
as functions of time without (left frame) and with (right frame)
imprint. The imprint-induced shift is set to be 1.2 V. As one
can see, the ferroelectric with imprint clearly exhibits reverse
switching at the falling edge of the pulse.

Fig. 3(c) shows the Qp — V curves of the ferroelectric with
various imprint levels. Without imprint, no capacitance ‘boost’
effect is observed. With imprint, Qp is ‘boosted’ when the
pulse amplitude is high enough to trigger reverse switching,
and the ‘boost’ effect is correlated with the imprint level. This
‘boost’ effect in a stand-alone imprinted BTO capacitor is
shown in Fig.3(a) of [8], where the experimental Qp—V curve
has the same trajectory as what we obtained in the simulation.
Obviously, a stand-alone FE capacitor should not possess ‘NC’
effect according to the QSNC theory [1], and therefore the
results point to imprint and reverse switching as the cause.

B. FE-DE Bilayer Capacitor

Fig. 4 shows the simulation results of a FE-DE bilayer
capacitor with 10nm of HZO-based FE layer (without imprint).
Fig. 4(a) shows the hysteresis loops of FE-DE bilayer capac-
itors with four different DE thicknesses. Due to the existence
of the DE layer, the remnant polarization is lower than the
saturated value, which enables reverse switching. For FE-DE
capacitors, imprint is not necessary for reverse switching.

Fig. 4(b) shows the Qp — V curve of a FE-DE capacitor
with 4nm DE. The dashed line represents the Q — V of
the DE capacitor alone. As one can see, the slope of the
FE-DE surpasses that of the DE alone at high voltages, and
the hysteresis is negligibly small. This is qualitatively similar
to the results reported by Hoffman et. al. as depicted in their
Fig. 12 in [9] and Fig. 3(g) in [10].

Fig. 4(c) above shows the polarization as a function of
time and applied pulse. Initially, the remnant polarization
is negative. With increasing pulse amplitude, polarization
starts switching to positive. Before reaching positive rem-
nant polarization, there is no reverse switching. After that,

(a) Hysteresis loops of FE-DE capacitors with 4 different DE thick-
nesses. (b) Simulated Qp-V curves of an FE/DE and a DE capacitor.
(c) Pulse string (blue) and polarization of the FE-DE capacitor (orange)
as functions of time. (d) Simulated Qp-V curves with four different DE
thicknesses. (e) Qp-‘Vgg’ curve extracted from Fig. 3 (b).

one starts to see reverse switching as well as the ‘boost’
effect. We applied the same pulse sequence for the second
time, and Q,.s remains the same. This result is consistent
with Fig. 3(g) in [10]. Fig. 4(d) shows the Qp — V curves
with four different DE thicknesses. For FE-DE capacitors with
thinner DE layers, most of the voltages drop across the FE
layers so that their polarizations reach saturation with smaller
applied voltages. When polarization is saturated, the reverse
switching is also saturated. Thus, the ‘boost’ effect disappears
with higher voltages. Also, saturated polarization results in
smaller hysteresis. This also explains why hysteresis decreases
with thicker DE since the FE voltage is not large enough.
Fig. 4(e) shows the Qp —' V. curve extracted from the
Op — V curve with 4nm of DE, where 'V} is calculated
by the equation 'V, = V — Qp/Cpg. This Op =" Vi
curve ‘matches’ the extracted ‘S’ curve in [9], [10]. However,
since the Landau switching model is not used at all in our
simulation, the extracted ‘S’ curve we have obtained is not
related to the ‘S’ curve arising from the Landau theory.

VI. SUMMARY

We studied, by numerical simulation, the alleged capaci-
tance ‘boost’ effect in FE-DE bilayer capacitors obtained by
the pulse measurements. By the use of the Nucleation-Limited
Switching (NLS) model for ferroelectric domain switching,
and incorporating the commonly occurring imprint phenom-
enon for ferroelectric films, we have demonstrated that reverse
switching at the falling edge during the pulse measurement
is most likely responsible for the experimentally observed
apparent ‘NC’ effects, without invoking the QSNC theory. This
work provides a sensible alternative explanation of the experi-
mentally observed capacitance ‘boost’ effects of imprinted FE
capacitors and FE-DE bilayer capacitors obtained by use of
the pulse measurements.
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