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Abstract—We demonstrate the use of jitter-free ultrafast
rise-time electrical pulses generated by a semiconductor photo-
conductive switch with femtosecond laser illumination to study
the fast polarization switching process in fully integrated, ferro-
electric PNZT thin-film capacitors. The necessary conditions for
high-speed polarization switching detection are presented. The
switching behavior for various sizes of capacitors and various
rise-times of applied voltage pulses are investigated. Circuit
influence on the activation field, , as well as application of the
Inshibashi–Merz model, are discussed.

Index Terms—Ferroelectric capacitor, photoconductive switch,
polarization switching, pulse method, ultrafast detection.

I. INTRODUCTION

D IFFERENT from linear dielectric materials, ferroelectric
materials exhibit a hysterisis loop of polarization as a

function of electric field. The application of ferroelectric (FE)
capacitors in nonvolatile random-access memories (FeRAMs)
is based on the two remnant polarization states and the ca-
pability of switching from one state to the other by applying
a short voltage pulse [1], [2]. Of importance to the memory
application is the device speed, or, in other words, how fast the
polarization switching process is.

The polarization switching process is commonly studied by
the so-called pulse method with two obvious advantages: 1) it
provides a direct measure of the polarization switching time and
2) it can be used for almost all kinds of ferroelectric materials.
With the pulse method, Larson et al. have reported a polariza-
tion switching time of 390 ps for PZT samples [3], [4]. How-
ever, the theoretically predicted intrinsic polarization switching
time is 50 ps [5]–[9]. The measurement of the polarization
switching time is hindered by a variety of circuit-related de-
lays such as the rise-time of the input electric pulses, timing
jitter, and RC time constant of the circuit. To obtain the intrinsic
polarization switching time, the rise-time of the input electric
pulse and time constant must be at least of the same order
as the intrinsic switching time. Experimentally, the rise-time of
the input electrical pulse, which is the most important limiting
factor of the setup, is of great concern. The faster the rise-time,
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Fig. 1. Equivalent circuit of “pulse method.”

the better the temporal resolution. In fact, the best input elec-
trical waveform for the experiment is a step-function pulse with
extremely fast rise-time and constant amplitude thereafter. Such
an electric pulse is not easily attainable by electronic means.
However, a microwave photonic technique using a photocon-
ductive switch actuated by an ultrashort laser pulse is uniquely
suited for producing such a pulse [10], [11]. In this paper, this
technique is used with the pulse method to realize the study
of the fast polarization switching process. A femtosecond laser
triggered experimental setup with time resolution of 50–100
ps is established to comprehensively investigate the polariza-
tion switching behavior of fully integrated
capacitors. A switching time of ps was measured for
the smallest capacitor studied. A characteristic switching time

ps was extracted from the Ishibashi–Merz model. Both
and so obtained, to the best of our knowledge, are the

smallest among those reported.
This paper is organized as follows. Section II presents cir-

cuit simulation of the pulse method, which not only gives rise
to the conditions required to obtain the intrinsic polarization
switching time but also helps in understanding the experimental
results and differentiating between the circuit influences and the
intrinsic effects. The detailed experimental setup is described
in Section III. The results are presented and discussed in Sec-
tion IV. Section V gives a conclusion.

II. SIMULATION

In this section, we take up the subject of numerical analysis
of the measurement circuit. The equivalent circuit of the pulse
method is shown in Fig. 1. It consists of a pulse generator that
provides a positive–positive or negative–positive pulse train, a
ferroelectric capacitor under test, and a sampling oscilloscope
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with a 50- input impedance. Since the ferroelectric capacitor
is a component of the measurement circuit, an understanding of
the circuit performance makes it easy to find out what critical
circuit parameters will affect the polarization switching process.

By assuming that the capacitor is a linear dielectric capacitor,
the ordinary differential equation of the circuit is given by

(1)

where is the current flowing through the oscilloscope,
which is represented by a 50- resistor ; is also the
displacement current flowing through the capacitor. is
the capacitance of the dielectric capacitor. is the
step-like input electric pulse to the capacitor. The displacement
current , which is directly related to the polarization of the
capacitor, can be obtained by

(2)

where is the output response displayed on the oscilloscope,
which is just the voltage drop across the 50- node. The voltage
drop across the capacitor is given by

(3)

Equation (1) can be solved by Laplace transform if
is a perfect step function. However, the rise-time of
can never be zero. Numerical calculation is required to solve
this equation. Simulation is carried out with the Runga–Kutta
method. During simulation, the input step-like electric pulse

is mathematically modeled by

(4)

where controls amplitude, controls rise-time, and con-
trols position.

The ferroelectric capacitor, which exhibits a hysterisis-type
relationship between polarization and electric field as shown
in Fig. 2, is of our concern. The simulation of such nonlinear
capacitors is realized as follows. From Fig. 2, the polarization
reversal process consists of both domain polarization
switching and linear dielectric polarization change

, which is the charging or discharging of the capacitor. To
simplify the analysis, the process can be represented by a
simple linear capacitor with capacitance defined by

(5)

The process can be represented by defined by

(6)

where is the area of the capacitor. Both the and
values can be obtained directly from the hysterisis loop in
Fig. 2. With , , and available, voltage
responses corresponding to the and processes, which
are represented by and , can be simulated. The

Fig. 2. Hysterisis loop of a thin-film PNZT capacitor. P and P correspond
to the nonswitched and switched polarization changes.

response, which corresponds to the domain polarization
switching process, is given by

(7)

In this paper, we are mainly concerned about the re-
sponse, which gives us a way to understand the fundamental
physics behind the domain polarization switching of ferroelec-
tric capacitors.

The capacitor area and rise-time of the input electric pulse
are two parameters characterizing the measurement circuit.
Therefore, simulations were carried out to study their influence
on polarization switching, specifically, on the output response

. Fig. 3(a) and (b) shows the output responses as a function
of time for various capacitances and rise-times, respectively. A
response with a longer tail is expected for larger capacitances
due to the circuit time constant, showing the need for
small-size capacitors to realize ultrafast polarization switching
detection. Similarly a slow rise-time of input pulse corresponds
to a slow response. Even with an ultrafast polarization switching
process, the slow rise-time makes it impossible to resolve the
fast processes that are embedded within. This is exactly the
reason that a step-like electric pulse with a fast rise-time is
needed. Fig. 3(a) and (b) also shows that the shape of the
output response changes with capacitance and rise-time. With
increasing rise-time (keep capacitance constant) and decreasing
capacitance (keep rise-time constant), the shape of the output
response becomes increasingly symmetric. It is important to
understand the shape change since it can directly tell when
the effect dominates and when rise-time dominates. In
fact, it is the impedance ratio between the capacitor and load
resistor, denoted as , that influences the
shape of the output response. From a circuit point of view, the
impact of varying the capacitance on the shape of the output
response is the same as that of varying the rise-time. is the
capacitance, is 50 , and is the angular frequency if the
applied voltage is sinusoidal. In our case, the applied voltage is
a step-like electric pulse with a finite rise-time. It is reasonable
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Fig. 3. Simulated output responses V (t) for various (a) capacitor sizes and (b)
rise-times of the input electrical pulseV . In (a), the rise-time of the input
electric pulse is kept constant at 300 ps. In (b), the capacitance is kept constant
at 3e-2 nF.

to use this rise-time information to derive an effective .
In our case, we have used 2 (rise-time) to represent .
Thus, it is possible to roughly estimate the rise-time required
for certain capacitors. Faster rise-times would be a waste for
large-size capacitors.

Next, simulations were carried out to study the rise-time de-
pendence of the response [defined by (7)] for a cer-
tain ferroelectric capacitor. A 22.5 25 m PNZT capac-
itor was chosen for this purpose. The corresponding , ,

, and are 28.64 C/cm , 16.01 C/cm , 32 pF,
and 17.9 pF, respectively. Step-like input electric pulses with
5-V amplitude and various rise-times were used in simulation.
Fig. 4 shows the responses for various rise-times of input
electric pulses. Faster rise-times correspond to faster re-
sponses. We have observed from Fig. 3 that the rise-time and
capacitance will influence the shape of output response .
Consequently, the shape of will also be influenced.

In conclusion, simulation directly indicates that in order to
accurately detect the fast polarization switching process, fast
rise-time of input electric pulses and small circuit time
constant are essential.

Fig. 4. Simulated �V(t) responses for various rise-times of input electric
pulses.

III. EXPERIMENTAL ARRANGEMENT

With the 50 ps theoretically estimated polarization
switching time, a setup with time resolution of at least the
same level is required. Since rise-time of input electric pulse
is a limiting factor, approaches to generate step-like pulse
with less than 50-ps rise-time are essential. In our experiment,
a semiconductor photoconductive switch was used as a fast
“pulse generator” to produce step-like pulse with fast rise-time
as short as 50–100 ps and amplitude up to 10 V. The resis-
tance of the photoconductive switch in its dark state (or high
resistance state), without laser illumination, is 100 k to
the order of M . With laser illumination, the electron-hole
pairs are generated and the switch is in its conductive state,
with a resistance of a few . Thus a voltage pulse is generated.
Theoretically the rise-time of the voltage pulse should be in
the picosecond region. In practice, it usually only reaches the
subnanosecond region. The rise-time depends on laser power,
bias, etc. A Si photoconductive switch is chosen to generate
the step-like pulse because the carrier lifetime in Si is on the
order of microseconds. Constant amplitude voltage pulse after
turn-on enables one to systematically study the polarization
switching process for ferroelectric capacitors of different
sizes. Si switches with interdigitated fingers are patterned in
coplanar transmission-line structures with 50- characteristic
impedance in order to transmit high-frequency signal with little
dispersion. Another issue worth mention is the effects of the
dynamics of the photoconductive switch on final experimental
results. Basically, the capacitance of the Si switch is very
small (on the order of tens of fF) compared to that of the
ferroelectric capacitor (on the order of tens of pF); and what we
are concerned with is just the step-like electric pulse generated
by such a switch, which already includes the influence from
the switch’s time-varying capacitance and time-varying con-
ductance. Therefore, in this case, the dynamics of the Si switch
will not affect experimental results.

The detailed experiment arrangement is shown in Fig. 5. A
conventional pulse generator is used to produce the writing
pulse that sets the ferroelectric device to the stable positive
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Fig. 5. Experimental setup.

Fig. 6. The time sequence of each pulse train.

or negative polarization state by applying positive or negative
square pulses. Electric pulses with 7 ns rise-time, 8 V
amplitude, and 1 s duration are used as the writing pulse.
Femtosecond laser pulses from the regenerative amplifier of
a Ti:Sapphire laser system (repetition rate KHz, laser
pulse width 100 fs) illuminate the Si switch to produce a
reading pulse with fast rise-time, sufficiently large amplitude,
and long duration. The bias of the Si switch is provided by
another conventional pulse generator. The delay between the
two pulse generators is controlled such that the writing pulses
sit in the middle of the reading pulses. The output pulse train to
the ferroelectric device is the combination of the writing and
reading pulse trains. The new pulse train can be a sequence
of negative–positive pulses or positive–positive pulses. A
negative–positive pulse sequence applied to the ferroelectric
device produces a switched response , while a posi-
tive–positive sequence gives the nonswitched response .
By subtracting the nonswitched response from the switched
response, response is obtained, which gives information
depending only on the domain polarization switching . An
HP54750A digitizing oscilloscope with a time resolution of

20 ps is used to monitor the output polarization switching
response. The input impedance of the oscilloscope is 50 ,

which is impedance-matched to the transmission line to make
sure that there is no signal reflecting back to the setup. Fig. 6
shows the timing sequence of each pulse train. All instruments
are synchronized by a low jitter trigger signal generated by a
photodiode.

Fully integrated,
ferroelectric capacitors

with a thickness of 200 nm were used in this study. Details of
the growth and long-term properties are reported elsewhere
[12]. The bond pads were wire bonded and the device was
inserted into 50- microstrip transmission lines for minimum
dispersion.

Due to high-speed transmission lines and the high-bandwidth
sampling oscilloscope, the time resolution of this setup depends
only on the rise-time of the electric pulse generated by the Si
switch, which could be 50–100 ps. Our experiment establishes
the capability for detecting fast polarization switching of fer-
roelectric capacitors. A 220 ps polarization switching time
was obtained for a 4.5 5.4 m capacitor. Modeling of the
switching transients using the Merz–Ishibashi model [5], [6],
[13]–[15] yields a characteristic switching time of 70 ps. More-
over, systematic study of polarization switching processes be-
comes possible.
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Fig. 7. Voltage responses of P , P , and �P processes for various capacitor areas.

IV. EXPERIMENTAL RESULTS

In this section, we report experimental results with the above
setup. Our intention is not only to obtain the most “accurate”
intrinsic polarization switching time but also to investigate the
influence of circuit parameters, specifically the rise-time of the
input electric pulse and the capacitor size on the polarization
switching process. Fig. 7 shows the voltage responses corre-
sponding to the polarization switching and nonswitching

cases, and for ferroelctric capacitors with various
areas. The polarization switching time , which is defined as
the time from the onset point to the point that is 90% down
from the maximum, is 220 ps for the smallest 4.5 5.4 m
capacitor. The corresponding applied input electrical pulse,
which is generated by a Si switch with a rise-time (10–90%) of
66 ps, is shown in Fig. 8. The fact that the measured switching
time is larger than the rise-time of the input electric pulse
suggests that the time resolution of our setup is sufficient for
this size capacitor. With the decrease of capacitor area, the

response time decreases because of limitation. The
shape of the , , and responses varies just as expected
by simulation with various sizes of capacitors.

An important fundamental question is the limit of domain po-
larization switching speed in thin-film ferroelectrics. If we as-
sume that the domain walls propagate with a field dependent

Fig. 8. Input 6-V electric pulse for the 4.5 � 5.4 mm capacitor.

speed and a mobility of 2.4 10 m Vs [16],
then the intrinsic polarization switching time in a 200-nm PNZT
film is 70 ps at 6 V. The experimentally obtained is in-
evitably convoluted with circuit parameters. How to extract in-
trinsic polarization switching time from is of great interest.
The Ishibashi–Merz model is commonly used as a bridge be-
tween the experimental data and the intrinsic switching time. In
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Fig. 9. Plots of measured (dot line) and fitted (solid line) f(t) curves for
various capacitor areas.

this model, the switching process can be described in terms of a
classical solid-state phase transformation involving nucleation
and growth of reverse domains [5], [6], [13]–[15]. The volume
fraction of the domains switched as a function of time is given
by

switched (8)

where represents the field dependence and repre-
sents the time dependence of the switching process. Combining
the Merz model with that of Ishibashi yields

switched (9)

where is called the characteristic switching time. In theory,
represents the time at which 63% polarization has been switched
with infinite applied electric field. Being roughly equal to 63%
of intrinsic switching time, is also an intrinsic parameter. is
the dimensionality of the nucleating domain.

, which represents the switched polarization, can be ob-
tained by integrating the experimentally obtained current tran-
sient , where , as shown
in (10)

(10)

and is the area of the capacitor. If the total switched polar-
ization is , then can be expressed as

switched (11)

In other words, is a plot of the normalized fraction of
switched domain as a function of time.

Fig. 9 shows the plots of and the corresponding fit curves
using the Ishibashi–Merz model for different capacitor sizes.
Using the above model, we extracted the and dimension-
ality values from . Fig. 10(a) and (b) shows the depen-
dence of , , and on capacitor size. Both and de-
crease linearly with area, illustrating the time limitation.

Fig. 10. (a) Polarization switching time t , characteristic switching time t .
(b) n as a function of capacitor area. The inset shows the front part of (a).

A 500-kV/cm activation field [12] is used in fitting the exper-
imental data, which yields a value of 70 ps and an value
of 2.7 for the 4.5 5.4 m capacitor, suggesting the three-di-
mensional growth of the reverse domain. The fitting parameter

, which is intrinsic, should not be a parameter depending on
capacitor area. However, our data show that varies with ca-
pacitor area, although this change is less than that of . The
reason for this discrepancy could be that the circuit factors in
the polarization switching process are not considered by the
Ishibashi–Merz model. Fig. 10(b) also shows that varies with
the capacitor area. Is this variation intrinsic or circuit parameter
related? We will discuss this question shortly.

Fig. 11 shows the dependence of the nonswitched polariza-
tion , switched polarization , and their difference
on capacitor size. Since calculation of polarization has already
taken into account the area, the value should be the same.
However, there is an obvious decrease of polarization for the
4.5 5.4 m capacitor. The reason for this could be that the
effective area of this capacitor is much smaller than expected.
Conversely, it is quite possible that there is a real decrease in
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Fig. 11. Nonswitched polarization (P ), switched polarization (P ), and the
difference between P and P (�P) as a function of capacitor area.

Fig. 12. (a) Voltage responses of the�P process for various rise-times of input
electric pulses. (b) Polarization switching time t as a function of rise-time.

switched polarization due to processing damage, which is likely
to be more impacting at smaller sizes.

Similarly, a study was also carried out on the effect of the
rise-time of input electric pulse on the polarization switching

Fig. 13. Nonswitched polarization (P ), switched polarization (P ), and the
difference between P and P (�P) as a function of rise-time of input electric
pulse.

Fig. 14. (a) Characteristic switching time t and (b) dimensionality n as a
function of rise-time of input electric pulse.

process. The rise-time was varied by using cable delay lines
with various lengths. The dispersion of the cables will stretch
the rise-time of input electric pulse; therefore a longer cable re-
sults in a slower rise-time. Fig. 12(a) shows the voltage tran-
sients of the process for various rise-times of input electric
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Fig. 15. Current responses of �P processes for various amplitudes of input electric pulses for various capacitor areas. The inset shows the plot of �i versus
1/V for each capacitor.

pulses. Fig. 12(b) shows the polarization switching time as a
function of rise-time of input electric pulse for a 12.5 14 m
ferroelectric capacitor. The curves are very similar to what is
expected from simulation. It clearly shows that for the capacitor
with such an area, faster or even zero rise-time of input electric
pulse will not yield intrinsic switching time. The time resolu-
tion of the experimental setup is completely limited by the cir-
cuit . Fig. 13 shows the nonswitched polarization ,
switched polarization , and their difference as a func-
tion of the rise-time of the input electric pulse for this capac-
itor. No matter how much the rise-time is, the value should
be constant since the polarization switching is an integration
process. This point is clearly illustrated in Fig. 13, in which the
lines are relative flat. The rise-time dependent data were fitted to
the Ishibashi–Merz model to extract the characteristic switching
time and dimensionality , as shown in Fig. 14(a) and (b). The
rise-time indeed influences the value and value, suggesting
the circuit parameters will influence the reliability of this model.
Therefore, the changing of with capacitor area, as shown in
Fig. 14(b), may also be influenced by circuit parameters. The
fact that both decrease of rise-time and increase of capacitor
area give rise to the same trend on value further proves the

circuit impact on value since we already explained in simula-
tion that the decrease of rise-time and increase of capacitor area
have the same effect on the impedance of the capacitor. From
another point of view, changing the rise-time and capacitor area
causes the change of impedance ratio that defines the shape
of the and responses, and hence that of the response.
Different shapes of voltage responses will have different
dimensionality since is a shape factor in fitting. Therefore,
changing of circuit parameters results in different values. One
thing for sure is that the smaller the capacitor size and the faster
the rise-time of the input electric pulse, the more reliable the
fitted values of and will be.

In Merz’s studies on single crystals of barium titanate, he
introduced a parameter, called the “activation field ,” which
indicates the ease of polarization switching. The activation field
can be calculated from the switching transients with different
input electrical pulse amplitudes, as described by

(12)

in which is the maximum value of , is the ampli-
tude of the applied bias voltage, and is the thickness of the
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Fig. 16. Activation field � as a function of capacitor area.

Fig. 17. f(t ) as a function of capacitor area.

film. The slope of the linear fit of as a function of
1/ yields the activation voltage . By dividing by the thick-
ness , the activation field is obtained.

Fig. 15 shows the current responses of the process for
various pulse voltages for different capacitor sizes. The inset
shows the logarithm of as a function of the pulse voltage,
showing a linearly fitted line. Fig. 16 shows the activation field

as a function of capacitor area. Clearly, has the trend to
increase with the decrease of capacitor size. Still it is possible
that the change in is due to the change of the shape of the

response for various size capacitors. An interesting point
is that when we compare the curves of , , and as a
function of capacitor area (Figs. 16, 10(a), and 17, respectively),
we find that they show a similar trend. is the time when
the transient is at a maximum value. represents the
percentage of polarization that has been switched at time ,
which is also related to the shape of . It shows that is not
extremely robust.

V. CONCLUSION

In summary, a setup capable of studying fast polarization
switching processes in ferroelectric capacitors is developed with

a time resolution as small as 50–100 ps by using a semicon-
ductor photoconductive switch as a fast “pulse generator” to
produce jitter-free step-like electrical pulses with fast rise-times.
Simulation of the “pulse method” is carried out to study the cir-
cuit impact on the experimentally obtained data. The applica-
tion of the Ishibashi–Merz model on the polarization switching
study is discussed. Experimental data show that the activation
field varies with the capacitor area. With the smallest size ca-
pacitor available for current study, an experimentally measured
switching time was obtained. From these data, the
characteristic switching time can be deduced using
the Ishibashi–Merz model. Both the and values obtained
are the smallest among those reported. These results point to the
need for generating a step function pulse with a rise-time even
smaller than 66 ps with a capacitor area less than 4.5 5.4 m
in order to obtain absolute intrinsic switching time.
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