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Abstract High current density pulsed-electron emission is

observed from a lead zirconate stannate titanate lanthanum-

doped (PLZST) antiferroelectric ceramic disc on application

of positive or negative triggering voltage pulses. Electron-

emission pulse with a peak current density 1,400 A/cm2 and

a full-width at half-maximum (FWHM) duration of 560 ns

was recorded in the presence of a 3.5 kV dc extraction

voltage. It is higher than the various earlier results obtained

using lead zirconate titanate ferroelectric ceramic. Self

emission of electrons with a current density of 1.3 A/cm2 and

the FWHM duration of about 100 ns were also observed.

Strong electrons emission was the co-effect of surface

plasma and noncompensated charges at the surface of the

antiferroelectric. Field-induced local phase transition in the

vicinity close to triple junction results in primary electron

emission from these areas. These primary emission electrons

ignited surface plasma and then led to the strong emission.

Introduction

Electron emission from ferroelectric stimulated by fast

switching has been studied for more than 40 years since

Miller and Savage first discovered this phenomenon in

1960 [1]. In 1989, Gundel and co-workers at CERN

reported an emission beam current density of more than

100 A/cm2 by using lead zirconate titanate (PZT) and

lanthanum-doped lead zirconate titanate (PLZT) as cathode

materials [2]. Since then ferroelectric cathodes have been

widely investigated by many groups all over the world.

This is because the ferroelectric cathodes have special

advantages when compared with traditional thermionic

cathodes, such as room temperature operations, instant

turn-on capabilities, and most importantly, high electron

current emission [3–8].

Various applications have been built to utilize this

intriguing phenomenon: flat panel displays, X-ray genera-

tion sources, infrared imaging sensors, gas spark switches,

microwave tubes, and cathodes in lithography applications

[8–14]. The electron emissions from these materials can be

generated by different ways such as temperature variation,

mechanical stress, light irradiation, and fast electric field

pulses [7, 8]. Even though there has been a lot of work related

to this phenomenon, complete understanding of the mecha-

nism is still lacking [6–8]. This might indicate that their

characteristics depend strongly on many factors such as

sample parameters, experimental conditions, measurement

methods, and so on.

Until now most high current densities are associated

with PZT and PLZT ceramics [3–8]. Reported emission

densities with other materials are relatively low. In studies

by Peleg et al., it was shown that with BaTiO3 it is possible

to achieve formation of the plasma with density up to

1015 cm-3 using special form of the driving pulse [9].

In this article, a new experimental study of electron

emission from antiferroelectric cathode material La-doped

Pb(Zr,Sn,Ti)O3 under application of negative triggering

pulse is presented.

Experimental method

The PLSZT samples were made via conventional mixed-

oxide processing. Reagent-grade raw materials, such as
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lead (II) oxide (PbO), titania (TiO2), zirconia (ZrO2), and

lanthana (La2O3) were batched according to compositions.

Excess PbO (2 mol.%) was used. The powders were ball

milled for 5 h using ZrO2 media, a polyethylene jar, and

ethanol. The calcination temperatures were at 850 �C.

Disks were cold-pressed, using a mixed binder of 8 wt%

polyvinyl alcohol (PVA), and 3 wt% polyethylene glycol

(PEG), and fired at 1,340 �C in a lead-rich atmosphere

using a lead titanate (PbTiO3) and lead zirconate (PbZrO3)

mixed source in a covered double crucible.

Each of the samples had a density of at least 98% of the

theoretical density. After sintering, pellets (diameter of

18 mm) were polished to a thickness of 0.5 mm with 1200

grit SiC paper. After ultrasonic cleaning in water, samples

were electroded with a grid pattern on one side and a full

electrode (diameter of *14 mm) on the opposite side.

Figure 1a and b shows the rear electrode and front elec-

trode of experimental samples. The width of silver

electrode and bare ceramic in the grid pattern is 0.2 mm

each, thereby the total exposed area on the surface of this

sample was about 0.47 cm2. A grid of silver electrodes

(diameter of 12 mm) was patterned on the surface by

screen printing, sintered at the temperature of 550 �C for

10 min, and the thickness of silver electrode was approx-

imately 10 lm.

Figure 2 shows a schematic diagram of the experimental

setup. Anti-ferroelectric (AFE) samples were placed into

the vacuum chamber with the grid-electrode (GE) side

facing the flat graphite electron collector (GC). The

graphite collector area was at least 1.5 times larger than the

emission area. The GE was kept at ground potential, while

the driving pulse was coupled to the rear electrode. The

distance between the sample and collector was set at 6 mm.

A cable with an impedance of 50 Ohm was soldered on the

electron collector and connected to the measurement cir-

cuit; the emission electrons were collected and flown

through this 50-Ohm resistor. A two-channel digital

real-time oscilloscope (Model TDS 460, Tektronix) with a

500-MHz bandwidth was used to measure the voltage drop

across this AFE sample. A Pearson current monitor model

65/85 was use to measure the emitted current from the

surface of AFE sample. A DC high-voltage generator can

be connected and disconnected from the anode, see the

detail in Fig. 2, so as to apply or not an external acceler-

ating voltage through the diode gap. When no external

accelerating voltage is applied through the gap, only the

electrons acted upon by a repulsive force created at the

surface are collected. The 0.1-lF capacitor inserted behind

the anode, decouples it from ground for the application of

external voltage, Uac. That decoupling capacitor behaves as

a short circuit for the short current pulses, thanks to the

high value of its capacitance.

The pulse generator can generate a high-voltage (2.2 kV)

unipolar pulse with a fast rise time trise ¼ 1 ns� 30%/2 kVð Þ
and with duration of 500 ns. Impedance of the generator

producing driving pulse is 50 Ohm. To minimize electrical

noise, all connector cables were shielded and runs were made

as short as possible. All studies were performed in a vacuum

of 10-5 Torr and at room temperature.

Fig. 1 Ferroelectric cathode

samples a Rear electrode

b Front electrode

Fig. 2 Schematic diagram of the experimental setup
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Experimental results and discussion

In this experiment, we did our investigation with lead

zirconate stannate titanate lanthanum-doped ceramics

(PLZST) of composition Pb0:94La0:04ðZr0:53Sn0:30Ti0:17ÞO3:

The crystal with this composition is in antiferroelectric

phase at room temperature.

Before electron-emission measurements, hysteresis loop

characteristics of PLZST were measured at room temper-

ature using improved Sawyer–Tower circuitry. Figure 3

shows the polarization of PLZST ceramics as a function of

field. Figure 3 was obtained under application of a 1 Hz

sine alternating voltage to the sample. Direct evidence of

its antiferroelectricity can be observed in Fig. 3, which

shows the typical double hysteresis loop. The maximal

polarization (Pr) and forward electric switching field (Ec)

of PLZST are of 29 lC/cm2 and 2.8 kV/mm, respectively.

Current emission was successfully achieved upon

application of fast electric field pulses to the rear electrode

with a dc extraction voltage Uac of 100 V. Two cases of

positive and negative pulse excitations were considered. It

was discovered that emission current occurred when trig-

gering voltage reached 300–400 V, but electron emission

was not reliable. The electron emission reliability increased

with the increase of triggering voltage. Figure 4 shows the

electron emission reliability under different triggering

voltages. Defining the applied voltage threshold for ferro-

electric emission as the voltage at which 80% or more of

the applied voltage pulses result in current transport

detected at the anode, we can find the threshold for emis-

sion from Fig. 4. For the sample of 0.5-mm thickness with

Ag-coated emitting surface electrodes, the negative applied

pulse threshold was approximately 500 V, and the positive

pulse threshold was about 400 V. It would appear from this

data that positive applied pulses have a lower emission

threshold voltage than that the negative applied pulses are.

It was found that no emission current occurred when the

triggering voltage was below emission threshold voltage

(300–400 V), and no emission current occurred when the

PLZST cathode sample without the front electrode was

triggered by the pulse voltage of 2 kV. These phenomena

indicated that the measured current was not displacement

current but emission current.

Figure 5a shows electron emission current of PLSZT

ceramics as a function of dc extraction voltage for negative

(or positive) triggering voltage of 600 V. The experimental

results indicate that the emission current increases linearly

with the increase of dc extraction voltage, and is inde-

pendent of triggering voltage for higher dc extraction

voltage. When the dc extraction voltage Uac is 3.5 kV, the

electron emission current reaches 690 A with a full-width

at half-maximum (FWHM) duration of 560 ns, as shown in

Fig. 5b. The corresponding emission current density

reaches 1,460 A/cm2. This emission current density is also

larger than various earlier results obtained by using PZT or

PLZT ceramic.

Figure 6a–d shows typical emission current waveform

obtained with a negative triggering voltage of 600 V

applied to the rear electrode of PLZST ceramics and an

extraction potential of 60, 80, 100, and 120 V, respectively.

One can see that there are always two distinguishable

electron emission pulses per triggering voltage. The elec-

trons were emitted at the field falling point as well as at the

rising point. The first emission pulse (pulse 1) is a rela-

tively stable emission pulse exhibiting only 30–40 ns delay

time. The second emission pulse (pulse 2) always occursFig. 3 Dependence of polarization on field

Fig. 4 Electron emission reliability as a function of applied unipolar

pulse voltage. The emission threshold is arbitrarily defined as the peak

applied voltage above which 80% or more of the applied voltage

pulses result in current transport

558 J Mater Sci (2009) 44:556–562

123



just after pulse 1. The second emission pulse occurs just at

the end of triggering voltage pulse. Pulse 2 has higher

amplitude and longer width than pulse 1. The position and

amplitude of the two emission pulses are relatively steady.

The pulse 1 increases from 2.5 A to 5 A with the increase

of triggering voltage from 60 V to 120 V, and the FWHM

duration of pulse 1 increases from 80 ns to 90 ns. The

pulse 2 increases from 2.4 A to 11.2 A with the increase of

extraction voltage from 60 V to 120 V, and the FWHM

duration of pulse 2 increases from 250 ns to 700 ns. It

would appear from this data that the pulse 2 showed a

significant increase in amplitude and width with the

increase of the extraction potential, while the pulse 1

showed almost no change.

Figure 7a–d shows typical emission current waveform

obtained with a positive triggering voltage of 600 V

applied to the rear electrode of PLZST ceramics and an

extraction potential of 60, 80, 100, and 120 V, respectively.

It is found that there are also two electron emission pulses

per triggering voltage when dc extraction voltage

Uac \ 120 V. For dc extraction voltage Uac [ 120 V, the

two emission pulses merged, and a single electron emission

current pulse with rather high amplitude and pulse width

was observed. The amplitude of pulse 1 has a faster

increase than that of pulse 2 with the increase of extraction

potential.

Two quite different interpretations of strong electron

emission from ferroelectric materials have been proposed

presently [2, 4, 15–21]. Historically, the first one is based

on specific properties of ferroelectric materials such as

polarization reversal and various field-induced phase tran-

sitions, while the second one is ascribed to electron

emission to surface plasma formation followed by electron

extraction from the plasma.

Fig. 5 a Emission current of

PLSZT ceramics as a function

of dc extraction voltage. b when

the dc extraction voltage Uac is

3.5 kV, the electron emission

current reaches 690 A

Fig. 6 Emission current

waveform with a negative

triggering voltage applied to the

rear electrode of PLZST

ceramics with different

extraction potentials of

a U = 60 V, b U = 80 V,

c U = 100 V, and d U = 120 V
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Strong electron emission from antiferroelectric ceramics

has been already reported, and this phenomenon was

ascribed to phase transition induced by strong pulse electric

field. It is thought that if the electrons are emitted by the

field-induced antiferro–ferroelectric phase transition, then

there should be no emission current when the amplitude of

triggering pulse is below the value of forward electric

switching field in Fig. 3 (2.4 kV/mm). However, the

experimental results show that an emission current of 3.5 A

was observed when the triggering voltage was 0.4 kV,

which is below the forward electric switching field, which

was contradictory to the explanation of the phase transition

of the antiferroelectrics.

In the triple junction region where metal, vacuum, and

dielectric meet, the electric field can be roughly estimated

as E � erU0=d [3, 4, 22–24], where U0, d, and er are the

applied triggering voltage, dielectric thickness, and relative

dielectric constant, respectively. As the average dielectric

constant for PLZST in this experiment is about 700, and

U0 = 600 V, d = 0.5 mm, the enhancement of the electric

field is 8.4 9 105 V/mm which is sufficient to induce local

phase transitions in the vicinity close to the triple junction.

Figure 8 shows simulation of vector electric field dis-

tribution within and above the ferroelectric sample

(performed by finite element program of ANSOFT MAX-

WELL10.0). One can see that in the ferroelectric surface

between the grid electrodes, the field decreases with the

increase of the distance from the grid electrode. However,

the highest electric field was obtained in the triple point.

This high electric field has the horizontal (parallel to the

emitting surface of the sample) and vertical components.

The horizontal component of the enhanced electric field

may cause acceleration of priming electrons along the

ferroelectric surface with subsequent electron avalanching

and surface flashover. Consequently, surface plasma is

generated.

In addition to creating plasma on the ferroelectric sur-

face, electric fields from the rear electrode accelerate the

emissions of ions and electrons out of the plasma. Due to

the plasma nature of the source of charged particles, we

carried out experiments on ion beam generation. The

generation of ion beams with current amplitude up to 16 A

was demonstrated by a negative extraction potential of

-150 V, as shown in Fig. 9.

More recently, there has been a trend toward believing

that the single dipole in antiferroelectrics could be seen as a

Fig. 7 Emission current

waveform with a positive

triggering voltage applied to the

rear electrode of PLZST

ceramics with different

extraction potentials of

a U = 60 V, b U = 80 V,

c U = 100 V, and d U = 120 V

Fig. 8 Vector electric field distribution within and above the PLZST

sample. (a) Silver electrode (b) PLZST ceramic
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super-micro domain [25]. This condition permits very-

rapid macroscopic polarization formation, because the

very-fast sideways motion of these microdomain walls is

possible without the need for a nucleation of new domains.

In the case when a negative polarity pulse is applied to the

rear electrode, the macroscopic polarization formation

leads to the appearance of a noncompensated negative

charge at the triple junction. The strong electrostatic field

induced by noncompensated charges superimposes on the

tangential components of the electric field induced by the

diode voltage and forms a very strong field near the triple

junction. Due to lowering of the potential barrier, a certain

amount of electrons, tunneled out at the edge of the grid

electrode. Then surface flashover will start at the triple

junction, due to the initial release of emission electrons.

Thus, the initial emission electrons and plasma electrons

will be pulled out of the surface to form the pulse 1 with

the FWHM duration of several tens of nanoseconds, as

shown in Fig. 6a–d. This might be able to explain why

strong electron emission occurs when the amplitude of

triggering pulse is below the value of forward electric

switching field. The exposed ceramic sample has almost

the same potential as the rear electrode, which was below

that of the grid electrode. The horizontal component of

electric field on the exposed surface of ceramic sample may

cause acceleration of priming electrons along the ferro-

electric surface with subsequent electron avalanching and

surface flashover. Plasma ions are attached to the surface to

compensate bounded polarization charges. At the end of

the triggering pulse, domain reversal leads to the appear-

ance of noncompensated positive charge at the triple

junction, which results in the formation of surface flashover

plasma at the negative triple junction. Thus, plasma elec-

trons are pulled out of the surface and can continue the

process of surface plasma formation, which forms the

second emission (pulse 2) with the FWHM duration of

several hundreds of nanoseconds, as shown in Fig. 6a–d.

In the case when a positive polarity pulse is applied to

the rear electrode, the situation is opposite. There is a more

fast plasma expansion during the rise time when this

plasma formation occurs which leads to large electron

current (smaller gap). The abundant plasma electrons are

pulled out of the surface to form pulse 1 with duration of

several hundreds of nanoseconds. A certain amount of

plasma electrons are attracted by the positive noncom-

pensated charge of the domains. At the end of the

triggering pulse, domain reversal, these electrons are

ejected into the vacuum due to the accelerating field and

repulsive force of the domain, which forms the sharp

emission pulse 2, as shown in Fig. 7a–d.

Finally, let us consider the transformation of the electron

emission waveform observed with the increase of extrac-

tion voltage. It was found from Fig. 6a–d that the pulse 2

showed a significant increase in amplitude and width with

the increase of the extraction potential, while the pulse 1

showed a slight change. However, Fig. 7a–d shows a dif-

ferent situation from Fig. 6a–d. The surface plasma

expansion velocity might be responsible for this phenom-

enon. In general, the application of the negative driving

pulse leads to the formation of the plasma as well as in the

case of the positive driving pulse. The difference between

these two cases is as follows. In the case of the negative

driving pulse, plasma ions are attached to the surface to

compensate bounded polarization charges, and in the case

of the positive driving pulse, plasma electrons are attached

to the surface. Also, during the rise time when this plasma

formation occurs, in both cases there is electron emission

outward the ferroelectric surface. However, in the case of

the positive driving pulse there is a more fast plasma

expansion which results in pulse 1 (in Fig. 7) showing a

significant increase in amplitude and width with the

increase of the extraction potential. However, during the

fall of the driving pulse, due to fast discharge, one obtains

plasma formation and electron emission once more. There

may be a more fast plasma expansion at the end of negative

pulse which results in pulse 2 (Fig. 6) showing a significant

increase in amplitude and width with the increase of the

extraction potential.

Conclusion

In summary, strong electron emission can be successfully

achieved with negative or positive polarity pulse applied to

the rear electrode of PLZST antiferroelectric ceramic disc.

The emission current waveforms obtained under negative

polarity triggering voltage show different characteristics

Fig. 9 Ion beams with current amplitude up to 16 A were obtained

when a negative extraction potential of -150 V was applied to

graphite collector
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from those observed under positive polarity triggering

voltage. Enhancement of electric field and domain move-

ment near the triple junction jointly leads to the primary

emission electrons at the leading edge of triggering pulse;

the horizontal component of electric field on the exposed

surface of ceramic may promote the formation of surface

flashover discharge during application of triggering pulse

and the appearance of a noncompensated charge plays a

very crucial role in the formation of the surface discharge

plasma.
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