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ABSTRACT

A ferroelectric material in a ferroelectric-dielectric heterostructure can provide a charge boost, as often discussed in the context of negative
capacitance, and, in doing so, can reduce the power dissipation in field-effect transistor technology. However, there is an ongoing debate on
whether the charge boost in such a heterostructure is a transient phenomenon or a steady state one. In this Letter, we use the positive-up-
negative-down (PUND) measurement technique on a ferroelectric-dielectric (FE-DE) capacitor to show that the charge boost is a
steady-state effect—i.e., the charge boost remains intact after the initial transient effects subside and all the voltages in the system reach con-
stant values and steady states. We also demonstrate differential charge boost in steady state using a staircase voltage pulse measurement tech-
nique. An experimentally calibrated multi-domain SPICE model of an FE-DE stack is used to accurately simulate the PUND and staircase

voltage hopping methods.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035880

A ferroelectric (FE)-dielectric (DE) heterostructure is one of the
commonly used model systems to probe negative capacitance
effects.” ® In such a system, the change in charge due to a change in
source voltage can be larger than the change in charge when the same
change in source voltage is experienced only by the constituent DE
capacitor. Such a differential charge boost, when achieved without a
hysteresis, can lower the power supply voltage and the energy dissipa-
tion in a negative capacitance field-effect transistor (NCFET).

However, there has been an on-going debate as to whether the
charge boost in a ferroelectric-dielectric heterostructure is a steady-
state phenomenon.” In this paper, we present an experiment that tests
the nature of the charge boost: steady-state or transient. To that end,
we study a ferroelectric-dielectric (FE-DE) heterostructure with FE
Hf5Zr) 50, and DE HfO,. We utilize the well-known, positive-up-
negative-down (PUND) technique where Tong’ voltage pulses are
applied on the FE-DE capacitor to measure its polarization vs voltage
(P-V) characteristics. We performed a staircase voltage pulse measure-
ment to find that the device under test (DUT) exhibits a differential

charge boost of steady-state nature—i.e., the charge boost remains
intact after the initial transient effects subside and all the voltages in
the system reach constant values and steady states. A Simulation
Program with Integrated Circuit Emphasis (SPICE)-based model of
the system that accounts for the multi-domain polarization switching
dynamics in the FE-DE stack was also used to verify our experimental
results.

According to a transient model'” of ferroelectric negative capaci-
tance, the charge boost in an FE-DE capacitor is a consequence of (1)
the mismatch between the timescales for polarization switching and
the screen charge dynamics in the FE and (2) a charge imbalance
between the FE and the DE. The change in the charge, AQ, in such a
scenario is expected to be larger than that on a stand-alone dielectric
[shown in Fig. 1(a)], resulting in the so-called charge boost as shown
in Fig. 1(b). The fundamental aspect of the transient model is that as
the screening charges balance out the polarization charges, the boost
in both Vg and Q diminishes to values that are expected from a series
combination of two positive capacitors, thereby leading to charge
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FIG. 1. Differential charge boost in a ferroelectric (FE)-dielectric (DE) heterostructure capacitor. (a) Steady characteristics of a dielectric capacitor. With a AV change in the
source voltage, the charge across the capacitor changes by an amount AQ = Cpe AV in steady state, with Cpe being the dielectric capacitance. (b) Differential charge boost
in an FE-DE capacitor in two different scenarios: transient and steady state. In the transient model,"® the change in the charge across the series capacitor network increases
faster than the stand-alone dielectric capacitor (shown by the red curve) but settles to a steady value AQ < CpeAV, i.e., the charge boost in the FE-DE capacitor is of tran-
sient nature. In the steady state model of charge boost, the steady state change in capacitor charge is AQ > CpeAV. In this Letter, we show that charge boost in an FE-DE

capacitor is of steady state nature.

boost only in transience. Hence, AQ will be larger than the charge on
the stand-alone dielectric (shown by the red curve) only for a short
amount of time as shown in Fig. 1(b). Whereas if the charge boost was
in fact a steady state response, then the charge boost stemming from it
will prevail for the entire duration of the voltage pulse [Fig. 1(b)].
Hence, the key test for transient and steady state models of charge
boost (addressed in this paper) is as follows: for a given change in
voltage AV, is the charge supplied by the voltage source to a FE-DE
capacitor AQ larger than CppAV only for a short duration of time
(transient state) or an extended period of time (steady state)?

For this experiment, metal-insulator-ferroelectric-metal (MIFM)
capacitors were fabricated on Si (100) substrates with a native SiO,
layer. The bottom TiN electrode, 10 nm Hf 5Zry 50, film, and the top
TiN electrode (10 nm) were deposited subsequently using the plasma
enhanced atomic layer deposition (PEALD) technique in a Veeco Fiji
G2 Plasma ALD system with repeatable deposition of films and thick-
ness resolution of < 1 nm. The deposition was carried out at 250" C
using Tetrakis(dimethylamido) hafnium, zirconium, and titanium pre-
cursors with water as the oxygen source. A post-TiN metallization
annealing was done on the sample at 450" C for 30s in a nitrogen
atmosphere to crystallize the Hf(5Zry50, layer. The top TiN was
then etched away using 1:1 H,O,, H,O solution at 50" C. Then, 5nm
HfO, and top TiN were grown on the films by the thermal ALD tech-
nique at 250" C. The HfO, layer was deposited on the already crystal-
lized Hf(5Zry 50, to avoid the rapid thermal annealing process to
make sure that HfO, remains amorphous; as a result, it will behave as
a dielectric. After that, Al(100 nm) metal layers patterned into rectan-
gular shapes were evaporated to define the capacitor areas. These

evaporated Al layers also served as a hard mask during the subsequent
wet etch of the top TiN electrode. The MIFM capacitor did not go
through any wake-up cycling before the measurement since the effect
of wakeup is not significant in these capacitors deposited via
PEALD."

To accurately determine the charge-voltage characteristics, we
utilized the well-known PUND method.'” A resistor R in series with
the DUT was connected to a pulse generator (supplementary material
Fig. S1). An oscilloscope was used to measure voltages across the pulse
generator and the DUT. To determine the ferroelectric charge, a large
program pulse (Vo) Was first applied to fully polarize the DUT fol-
lowed by two subsequent measurement pulses with varying amplitude
as shown in Fig. 2(a). This 3-pulse sequence allows for the decoupling
of the polarization switching (Qsw), the reversible dielectric (Qpg),
and the leakage (Qpx) components of the total charge. The pulses
applied by the pulse generator and the measured voltage across the
entire MIFM capacitor are shown in the first panel of Fig. 2(a) for
Vprog = —8 V and subsequent measurement pulses of +7.4 V. An
important consideration in this method is that the duration of pulses
is set long enough [4 us, Fig. 2(a) and 1.5 us, Fig. S2] such that the
DUT reaches steady state—i.e., the measured Qg does not have any
transient contribution and corresponds to their respective steady state
values. We can see from the first panel of Fig. 2(a) that the measured
voltage Vg pe reaches applied voltage V;, at the end of each voltage
pulse—an indication of steady state. This is further confirmed by the
current flowing through the resistor R, which is plotted as a function
of time as shown in the second panel of Fig. 2(a). The current becomes
zero at the end of each applied pulse, which proves that the DUT
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FIG. 2. (a) The source voltage Vi,, FE-DE voltage Ve, pe, the current through R,
the charge supplied by the source, Q plotted as a function of time for V,0g = -8V,
and subsequent measurement pulses of +7.4V. The program pulse is applied
before every measurement. The first measurement pulse captures Qsy and Qpe,
while the second captures only Qpe. (b) P-V curve from the PUND method (green
curve) for 10 nm Hfp 5Zrg 50, with 5nm HfO,, overlaid on the P-V curve measured
using a standard FE tester (black dotted curve). (c) Differential NC-based capaci-
tance enhancement is shown using the PUND method.

approaches steady state. The charge supplied to the DUT is also plot-
ted as a function of time in the third panel of Fig. 2(a). In the transient
charge waveform, two significant charge points are extracted after
each three-pulse sequence: the maximum charge stored on the capaci-
tor Quax(=Qsw + Qpr + Qrar) from the first measurement pulse and
the residual charges on the capacitor after the current approaches zero,
from the second measurement pulse, which contains only leakage
Qiear [Fig. 2(a)]. The difference between these two gives the charge
across the capacitors, Qc( = Qsw + Qpg). An MIFM capacitor where
the dielectric layer stabilizes the negative capacitance region of the fer-
roelectric layer has been used here to explore the nature of this region.”
The polarization, Po(=Qc/Area of the capacitor), for such a capacitor
as a function of V.. (= Vi pe) is shown in Fig. 2(b). The hysteretic
P-V curve shown in Fig. 2(b) is superimposed on the same curve mea-
sured using a conventional FE tester (black dotted curve). While the
P-V curves obtained using both the methods have approximately the
same shape, the result obtained using the PUND method reflects the
true steady state response of the FE-DE capacitor. Figure 2(c)
demonstrates the capacitance enhancement leading to the charge
boost obtained using the PUND method. It should be noted here
that the 4 us pulse width (PW), required for the DUT to reach
steady state, is long compared to the PW used in Refs. 3 and 6
(0.4-0.5us). This might have led to charge injection at the ferro-
electric/dielectric interface and resulted in the hysteretic
P¢ — Vg curve shown in supplementary material Sec. IV, Fig. $4.

ARTICLE scitation.org/journal/apl

To determine the steady state response of the FE-DE capacitor
to a differential voltage, we applied a staircase pulse: 5V — 6.5 V
— 8V. Figure 3(a) shows the source voltage V;,, FE-DE voltage
Ve pe, the current through R, and the charge supplied by the source
Q as a function of time t. Note here again that the duration of each
step voltage is long enough that the system reaches steady state where
Vegspe = Vis  and iR=0 at the end of each voltage
pulse. Interestingly, the charge supplied during the 5V — 6.5 V pulse
step, AQ = 0.11 nC, is larger than CpgAV, where AV = (6.5 — 5)
= 1.5V (C = €yepi0,A/duro, = 18.1 pF and epgo, = 20). This steady
state charge boost can also be expressed in terms of capacitance
enhancement shown in Fig. 2(c). It can be seen from Fig. 2(c) that for
Vg pe below ~5 V, the slope of the Qc — Viyax curve, which corre-
sponds to the capacitance of the MIFM heterostructure, is nearly a
constant. For larger voltage pulses, the slope increases, and therefore,
the capacitance increases. Until Vg, pp ~ 7 V, the capacitance of the
FE-DE layer is greater than the dielectric capacitance
(Cre+pe > Cpg). This capacitance enhancement in the MIFM capaci-
tor heterostructure is due to the hafnia-zirconia FE layer since the
capacitance of the dielectric HfO, is constant with respect to the volt-
age across the dielectric layer (supplementary material Fig. S3). To
further verify the accuracy of the staircase response, the path of
(Q, Vegspg) in the time domain is overlaid on the steady state Q-V
plot in Fig. 3(b). It is clearly observed that with the application of a
staircase pulse, the system hops between points on the steady state
curve and the shape of the time trace is determined by the external
resistor. The capacitance enhancement (Crgypg > Cpg) indicates that
the capacitance of the FE layer is negative in that operating region,
which is further confirmed in Fig. 3(c). Under the assumption that the
capacitance of HfO, is constant (supplementary material Fig. S3) and
the negative capacitance region is stabilized in an FE-DE capacitor, we
extracted the voltages across the FE layer Vg and plotted its Q — Vg

(@) (b) 03
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Hopping AV“.7'
2 Qvs Vi

0.2t LY. —~ 02
s | 2Q=0.11nc \ @
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FIG. 3. (a) Staircase pulse: 5V — 6.5V — 8 V of time period 4 us is applied to
the FE-DE heterostructure to analyze the nature of differential charge boost. (b)
Charge boost is shown in the charge-voltage characteristics of the FE-DE hetero-
structure. With the application of a staircase pulse, the system hops between points
on the steady state Q-V curve (green). (c) Extracted P-V characteristics of the fer-
roelectric layer are shown. It can be noted that the ferroelectric operates in a region
with a negative slope, which leads to the observed charge boost and capacitance
enhancement in the FE-DE heterostructure.
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characteristics [Fig. 3(c)]. This experimental Q — Vg curve reveals
that the ferroelectric operates in a region with a negative slope, which
leads to the observed charge boost and capacitance enhancement in
the FE-DE heterostructure.

A circuit-based SPICE model (supplementary material Fig. S6)
incorporating a distribution of domains to emulate a multidomain FE
layer was used to simulate the PUND technique and staircase pulses.'’
The model was calibrated with experimental results by considering the
device geometry and measured hysteretic P-V loops. It can be
observed from Fig. 4(a) that the simulated and experimentally mea-
sured steady state polarization vs voltage loop of the FE-DE stack
is in good agreement. The staircase pulses simulated using the
SPICE model demonstrate voltage amplification as seen experi-
mentally [Fig. 4(b)]. Similar to Fig. 3(b), the resulting charge and
voltage points trace out the experimental steady state Qc — V plot
of the FE-DE stack [Fig. 4(b)]. The simulated staircase pulse-time
plots are shown in Fig. 4(c).

In summary, the results obtained from the PUND technique and
the staircase pulse experiment on an FE-DE structure reveal that the
charge boost in a hysteretic FE-DE structure is prevalent for the entire
pulse duration and, hence, a steady state response. The experimental
results match with the predictions based on a multi-domain ferroelec-
tric model eliciting the importance of domain dynamics in obtaining
the ideal stabilized negative capacitance. Investigating NCFETs and

ARTICLE scitation.org/journal/apl

NC Capacitors using this method will provide more insight into the
charge dynamics of the systems, which can be used to advance the
designs and study the physics of these devices.

See the supplementary material for experimental details, time
plots of PUND measurements on the MFM capacitor, the dielectric
constant of the hafnia capacitor, the extracted Pc — Vg loop from
Fig. 2(b), P-V loop and capacitance enhancement for shorter pulses,
and the SPICE model used for simulation of the FE-DE
heterostructures.
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