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We demonstrate that a ferroelectric can cause a differential voltage amplification without needing
an external energy source. As the ferroelectric switches from one polarization state to the other, a
transfer of energy takes place from the ferroelectric to the dielectric, determined by the ratio of
their capacitances, which, in turn, leads to the differential amplification. This amplification is very
different in nature from conventional inductor-capacitor based circuits where an oscillatory amplifi-
cation can be observed. The demonstration of differential voltage amplification from completely
passive capacitor elements only has fundamental ramifications for next generation electronics.
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Amplification forms the cornerstone of modern electron-
ics. Amplification boosts an otherwise weak change of an
electrical signal into a measurable quantity. Conventional
circuit blocks are made of three different elements: resistors,
capacitors, and inductors. Working alone, none of these ele-
ments can provide amplification. Due to this reason, these
are often called the “passive” elements. Amplification in
today’s electronics is provided by transistors (often called
the “active” elements) that draw additional energy from an
external voltage source for amplifying signals. An exception
to this rule came in 1953 with the invention of tunnel diodes
by Esaki.' The tunnel diode can provide a negative differen-
tial resistance in the region where quantum mechanical
tunneling is blocked by misalignment of the bands. It was
shown? that in this region of negative differential resistance
(NDR), a differential voltage amplification is possible. The
tunnel diode amplifiers have found myriads of applications
in electronics. Nonetheless, they remain to be the only exam-
ple of an element that can provide a differential amplification
by itself. In this work, we show that the recently discovered
negative differential capacitance (NDC)** in a ferroelectric
material can provide a similar differential amplification of
a voltage signal. Unlike, the tunnel diodes, however, the
amplification comes from the imaginary part of the imped-
ance (NDC vs NDR). Also, NDC is obtained in a simple
capacitor configuration, an insulator sandwiched between
two metallic plates, rather than needing a p-n junction.

A ferroelectric material is characterized by a double well
energy (U) landscape [Fig. 1(a)].” Typically, the material is
stabilized in one of the minima of the landscape. But when it
is switched, it goes through the maximum where the capaci-
tance [0°U/ 8Q2]71, with Q being the charge, is negative. The
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fact that the ferroelectric material can exhibit such a state of
negative capacitance has already been demonstrated.>* '8
Therefore, if another dielectric capacitor is placed in series
with the ferroelectric [as shown schematically in Fig. 1(b)], a
voltage amplification is expected across the dielectric capaci-
tor. By amplification, we specifically refer to differential
amplification Ay which is equal to the rate of change of the
voltage across the dielectric capacitor V, with respect to the
source voltage Vs (i.e., Ay = dVp/dVs). In the rest of this let-
ter, we will use the terms “amplification” and “differential
amplification” interchangeably. We note that the rate of
change in the voltage across the dielectric capacitor V can be
written in terms of the source voltage Vg and the capacitance
of the ferroelectric (Crg) in the following way:

dVp Vs 1dO Vs 1 do
dt — dt Crpdt dt  |Cpgldt’
Again, note that the amplification is differential

(dVp/dt > dVg/dt) and not absolute (i.e., V), may not be
larger than V).

To test this hypothesis, we have built model systems
where thin film capacitors of Pb(Zry,Tipg)O3 (PZT) are
placed in series with parallel plate capacitors with variable
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FIG. 1. Voltage amplification due to ferroelectric negative capacitance: (a)
Energy landscape of a ferroelectric capacitor. The capacitance, C, is nega-
tive in the region enclosed by the dashed box. (b) The experimental setup.
Vs and V), are the source voltage and the voltage across the dielectric capaci-
tor, respectively.
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capacitance (Cp=77-440pF). Epitaxial PZT films (thick-
ness =70-100 nm) are grown using the pulsed laser deposi-
tion technique on metallic StfRuO; buffered SrTiO; (001)
substrates, and Ti/Au top metal electrodes were sputtered
and patterned. The series circuit is connected to a pulse func-
tion generator, and the voltage across the dielectric (V) and
the source voltage (V) are monitored with an oscilloscope.
In Fig. 2(a), we show the response of the series combination
of a 100nm thick PZT capacitor with area Ap= (35 ,um)2
and a dielectric capacitor Cp, = 440 pF to a bipolar triangular
voltage pulse Vg: 0V — 410V — —10V — 0V with period
T =50 us. The inset shows the V), and V¢ waveforms for the
entire cycle, and the main panel shows a blown-up version
of the V), waveform during 4.2 us < time (f) < 6.7 us. The
red dashed lines in the main panel in Fig. 2(a) indicate the
slope of Vg in this time duration. We clearly observe that
during the segment AB, Vg increases and V) increases faster
than Vg (i.e., dVp/dt > dVs/dt), indicating amplification of
the source voltage at the node between the ferroelectric and
the dielectric capacitor. The voltage across the ferroelectric
capacitor Vy actually decreases during this time segment;
Fig. S2 (supplementary material) shows the corresponding
Vi waveform. In segment AB, the changes in Vi, (AVp) and
Vs (AVg) are ~1.7V and ~1.4V, respectively, leading to an
average amplification AVp/AVg =~ 1.21. Similarly, in the
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latter part of the transient response when Vg decreases, an
amplification in the V), waveform is observed in segment
CD, which is shown in Fig. 2(b). In CD, AVp = 1.66 V and
AVg =~ 1.4V, leading to an average amplification of ~1.19.
Figure 2(c) shows the amplification Ay = dVp/dVs as a
function of V; [see the caption of Fig. 2 and Sec. I of the sup-
plementary material for the Ay calculation method]. The
Ay — Vg curve has a butterfly shape, in which Ay > 1 in the
segments, AB and CD. When the ferroelectric-dielectric
combined system is in an amplification state, the ferroelec-
tric capacitor is essentially in a negative capacitance state.
To demonstrate that, the ferroelectric charge (AQ)-voltage
(V) characteristics extracted from the waveforms are plotted
in the inset of Fig. 2(c) (see Sec. I of the supplementary
material for the extraction method). The extracted charge-
voltage curve of the ferroelectric capacitor is hysteretic and
has distinctive negative slopes at the knees of the hysteresis
loop (segments AB and CD), indicating negative capacitance
in these regions. Starting at point O at t=0 (Vg=0), with
the increase of Vg (Vg: 0 —+10 V), the state of the ferroelec-
tric capacitor [(Vp, AQ) pair] traces the path OABP in the
hysteresis loop [Fig. 2(c) inset]; when it is in segment AB,
the system responds with an amplification, which corre-
sponds to the AB segment in the Vp waveform in Fig. 2(a)
and in the Ay — Vs curve in the main panel in Fig. 2(c).

FIG. 2. Voltage amplification in a ferroelectric-dielectric series circuit. (a) and (b) Waveforms corresponding to the voltage across the positive capacitor Vp in
response to a bipolar triangular voltage pulse Vg: 0V — +10V — —10V — 0V with period 7 =50 us during 4.2 pus <t < 6.7 us (a) and 22.6 us <t < 25.3 us
(b). Cp =440 pF. The dashed red lines have the same slew rates as those of the V() — 7 curves in these time frames (i.e., they are || to the Vg-¢ curves). The
inset in (a) shows the waveforms corresponding to the source voltage Vg and V), during the entire cycle. Differential amplification is observed in the regions
corresponding to the green shades, segments AB and CD in (a) and (b), respectively. (c) Amplification Ay (=dVp/dVs) as a function of V. The inset in (c)
shows ferroelectric charge (AQ)-voltage (V) characteristics extracted from the waveforms.
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In the latter part of the voltage pulse (Vs:+10V — —10V
— 0V), the ferroelectric goes through the rest of the hystere-
sis curve, and when it goes through the other negative capac-
itance segment CD [in Fig. 2(c) inset], the system again
exhibits an amplification corresponding to segment CD in
the V), waveform [Fig. 2(b)] and in the Ay — Vy curve [Fig.
2(c) main panel]. We note that exactly similar shapes of fer-
roelectric hysteresis loops with negative capacitance were
reported in Ref. 4 by using a completely different experi-
mental setup with a series resistor.

We next study the nature of the amplification response
of the ferroelectric-dielectric system by varying the dielectric
capacitance Cp. Figures 3(a) and 3(b) show the Ay —Vy
characteristics of the system for Cp =240 pF and 145 pF,
respectively, and Figs. 3(c) and 3(d) plot the corresponding
ferroelectric charge-voltage characteristics overlaid on the
ferroelectric hysteresis loop calculated for Cp =440 pF. The
corresponding transient responses are shown in supplemen-
tary Figures (Figs. S4 and S5). Comparing Figs. 2(c) and
3(a), we observe that the amplification in the ramp-down

Appl. Phys. Lett. 111, 253501 (2017)

segment decreases when Cp is changed from 440pF to
240 pF. For Cp = 145 pF, amplification ceases in the ramp-
down segment as shown in Fig. 3(b). In Figs. 3(c) and 3(d),
it is clear that unlike the case for Cp =440 pF, the ferroelec-
tric hysteresis loops do not saturate at the positive Vp side
for Cp =240 pF and 145 pF. As such, the ferroelectric capac-
itor traverses through minor loops for these two smaller Cp
values. We note for the ferroelectric hysteresis loop for
Cp=440pF that the negative capacitance states occur only
in a certain range of (Vp, AQ). For Cp = 240 pF, the shape of
the minor loop is such that it contains a smaller range of neg-
ative capacitance (Vp, AQ) states in the reverse sweep path
[compare the segments CD and C,D, on the ferroelectric
loops for Cp=440pF and 240pF in Fig. 3(c)], thereby
resulting in a reduced amplification in the ramp-down com-
pared to that for Cp =440pF. For Cp= 145 pF, the minor
loop is much smaller and does not contain any of the nega-
tive capacitance states, leading to no amplification during the
ramp-down. Note that in the forward sweep, the negative
capacitance states remains intact on the ferroelectric loops

(b) | SNG4 PF

AQ(nC)

FIG. 3. Effect of dielectric capacitance on amplification. (a) and (b) Amplification Ay as a function of Vg for Cp =240 pF (a) and 145 pF (b). (c) and (d) The
extracted charge-voltage characteristics of the ferroelectric capacitor for Cp, =240 pF (c) and 145 pF (d). These loops are overlaid on the ferroelectric charge-
voltage characteristics extracted for Cp =440 pF, which is also shown in the inset of Fig. 2(c). The load lines for the dielectric capacitor AQ = Cp x (Vs
—VF) corresponding to Vg=+10V are plotted for Cp, =240 and 145 pF in (c) and (d), respectively. The load-line (Vs=+10V) for Cp =440 pF is plotted in

both of them.
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for Cp =240 pF and 145 pF [see segments A,B, and A3B3 in
Figs. 3(c) and 3(d)]. This is why, during the ramp-up, the
system shows an amplification in the ramp-up for both 240
pF and 145 pF.

To understand why the value of Cp, determines the shape
of the ferroelectric hysteresis loop, we employ the load-line
technique—a widely used method for analyzing operating
points in non-linear electronic circuits.'” In Figs. 3(c) and
3(d), the load lines for the dielectric capacitor AQ = Cp
x (Vs — V) corresponding to Vs=+10V are plotted for
Cp =240 pF and 145 pF, respectively, along with that for
Cp=440pF in both of them. The intersection of the load-
line and the ferroelectric charge-voltage characteristics is the
state of the ferroelectric when Vy=+10 V—the state with
the highest value of AQ. With the decrease in Cp, the load-
line becomes more slanted and intersects the hysteresis loop
at smaller AQ values. Note that at t=0, the ferroelectric
capacitor is in a uniformly polarized state with the polariza-
tion pointing towards the SRO-PZT interface [indicated by |
| in Figs. 3(c) and 3(d)]. For Cp =440 pF, the ferroelectric
polarization completely switches at V¢=+10V, which is
indicated by 17 in Figs. 3(c) and 3(d). On the other hand, the
ferroelectric polarization does not switch completely [indi-
cated by |7 in Figs. 3(c) and 3(d)] at Vg=+10V for
Cp =240 pF and 145 pF, for which the ferroelectric charge-
voltage characteristics trace a minor loop in the return path.
This analysis shows that a smaller value of Cp results in a
larger voltage drop across the dielectric capacitor (AQ/Cp)
and a smaller current that can flow in the circuit (CpdVp/dt),
essentially limiting the amount of charge that can transfer
onto the ferroelectric capacitor from the source, which, for
the particular cases of Cp =240 pF and 145pF, leads to
incomplete switching of the polarization in response to the
bipolar triangular pulse Vsz: 0V — 410V — —10V — 0 V.

Similar functional behavior of the nature of the differen-
tial voltage amplification was also observed in the same sys-
tem for much larger time periods (7=500us and 5ms),
which is detailed in Sec. III of the supplementary material.
As a self-consistent check, we performed independent time-
dependent measurements on ferroelectric-resistor series cir-
cuits using the same PZT capacitor and obtained ferroelectric
charge-voltage hysteresis loops showing the negative slope
of the P — V characteristics similar in shape to that in Fig.
3(b) (see Sec. VIII and Fig. S32 of the supplementary mate-
rial for details). It should also be noted that the characteristic
timescale of the negative capacitance phenomena can be in
the sub-ps regime.”” In this work, we intentionally chose to
work at a much slower timescale (microseconds to millisec-
onds) such that the voltage amplification could be measured
cleanly without complications arising due to parasitic com-
ponents in our experimental set-ups. The robust behavior of
amplification in the ferroelectric-dielectric series network
over a span of time periods varying by 2 orders of magni-
tude as well as negative capacitance transience in the
ferroelectric-resistor series circuit provides a self-consistent
proof of the underlying physics of the differential amplifica-
tion occurring through negative capacitance.

To gain a deeper understanding of our experimental
results, we performed transient simulations that consider both
homogeneous and inhomogeneous switching of the

Appl. Phys. Lett. 111, 253501 (2017)

ferroelectric polarization. In the presence of the intermediate
metal electrode between the ferroelectric and the dielectric
capacitor, the dielectric capacitor does not result in a depola-
rizing field in the ferroelectric at Vg= 0—this is unlike the
cases in ferroelectric-dielectric heterostructures without inter-
mediate metallic layers.7’8’”’12’15 As such, the ferroelectric
can be polarized even at Vg=0.>> For the homogeneous
switching simulations (details in Sec. VI, supplementary
material), the Landau-Khalatnikov equation®' and Kirchhoff’s
current and voltage laws are self-consistently solved; the sim-
ulated V, waveform, amplification Ay, — Vg curve, and the fer-
roelectric charge-voltage characteristics extracted from the
simulated waveforms shown in Figs. 4(b) and 4(c) are in qual-
itative agreement with the results shown in Fig. 2. The effect
of inhomogeneous switching on the amplification in our
ferroelectric-dielectric system was simulated using a time-
dependent Ginzburg-Landau (TDGL) framework which is
described in Sec. VII of the supplementary material and in
Ref. 23. The TDGL based simulations can capture the quanti-
tative features of our results as shown in Figs. S28 and S30 of
the supplementary material.

To summarize, we have directly measured differential
voltage amplification in a combination of purely passive ele-
ments: a ferroelectric capacitor connected in series with an
ordinary dielectric capacitor. As the ferroelectric switches
from one state to the other, it imparts some of its stored
energy onto the dielectric, leading to the amplification. We

5 10
Vs (V)

FIG. 4. Simulation results. (a) Circuit diagram of the simulation. Cr, p, and
Ry represent the capacitance, the internal resistance, and the leakage resis-
tance of the ferroelectric capacitor. C, and R represent the capacitance and
the leakage resistance of the dielectric capacitance. (b) Simulated wave-
forms corresponding to Vg and V), of the circuit shown in (a) in response to a
bipolar triangular pulse Vs: 0V — +10V — —10V — 0V with period
T=50us. Amplification is observed in the segments, AB and CD. (c)
Simulated amplification Ay as a function of Vs. Ay > 1 in the segments, AB
and CD. The inset shows the ferroelectric charge-voltage characteristics
extracted from the waveforms in (b).


ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-020751

253501-5 Khan et al.

note that in this process, there is no amplification of energy;
the dielectric eventually gives back that energy to the ferro-
electric during the time when the amplification falls below 1.
Since such an energy transfer is dependent upon the com-
bined potential energy landscape of the ferroelectric-
dielectric combination, the amplification depends upon how
well the capacitances are matched (note that the potential
energy is linear with capacitance). Note that while the ampli-
fication in Esaki diodes is based on the negative differential
behavior of the Real or resistive part of the impedance, our
work is based on the imaginary or reactive part of the imped-
ance. Thus, together with the Esaki diodes, our work pro-
vides a complete picture: negative differential behavior in
either part of the impedance will lead to a differential voltage
amplification. The amplification demonstrated here can over-
come the limits of voltage requirement in conventional tran-
sistors, often termed as the Boltzmann Tyranny,24_26 and
therefore has a direct consequence for energy efficient elec-
tronics. Such amplification could also find applications in
very high frequency transistors (by boosting the transconduc-
tance) and also for improving the sensitivity of sensor
circuits beyond conventional limits. As research on phase
transitions in various material systems is gaining momentum,
similar amplification should be expected in many other mate-
rials and for different types of state variables such as spin,
magnetism, or correlated phases.”’ >’

See supplementary material for experimental proce-
dures, electrical measurement data from different ferroelec-
tric samples under different conditions, details on the load-
line analysis, single domain and multi-domain simulation
results, and structural characterization.
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