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Lifetime of ferroelectric Pb „Zr,Ti …O3 ceramic cathodes
with high current density
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Electron emission from ferroelectric cathodes is investigated, it is commonly suggested as an
electron source for different applications due to its special characteristics such as high current
density, easy treatment, and operation. In this experimental research, a lifetime of lead
zirconate-titanate ceramic cathode with composition related to a ferroelectric phase was studied. The
strong plasma emission from the cathode was excited in a nonreversal~nonswitching! mode by
application of unipolar high stress. Severe damage to the cathodes was observed, especially in a high
repetition rate. An upper limit of the lifetime of the ferroelectric cathode with plasma-induced
emission was estimated at about;106 pulses of;200 ns each at;100 Hz repetition rate. Possible
applications of the limited lifetime ferroelectric cathode are discussed. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1329350#
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I. INTRODUCTION

Ferroelectric cathodes are attractive cold electron em
sion sources, allowing the generation of high-electro
emission current density up to 100@A/cm2#.1–15The cathodes
can be handled and operated in poor vacuum conditions
do not require heating or activation process before operat
Intensive studies of the ferroelectric electron emission ef
associated with the reversal of spontaneous polarization16,17

as well as ferroelectric cathodes were conducted.1–15 A great
difference of the emission current density was reported
weak electron current of 1027 A/cm2 was measured in the
study16,17 using electron multipliers while the publishe
data1–15 reported huge emission currents reaching 1
A/cm2.

Some basic parameters of the ferroelectric cathodes
as electron-emission current density,2 brightness,3 and
perveance4 were studied properly. These studies demo
strated fairly good figures of merit of these cathodes in co
parison with classical electron sources. In 1993 destruc
of electrodes and ferroelectric ceramics of cathodes for h
electron emission was observed.5 However, the lifetime and
reproducibility of the ferroelectric cathodes with high curre
density were not investigated. These cathode parameter
the most critical, determining the applications suitable to e
ploy the ferroelectric cathodes in various electronic devic

In this article we report on experimental studies of t
lifetime and reproducibility of the Pb~Zr, Ti!O3~PZT! ce-
ramic ferroelectric cathode with high current density. T
problem of the ferroelectric cathodes lifetime and reprod
ibility has come to the forefront after recent publications p
senting observations of a light emission5,8,14 and erosion of
deposited switching electrodes and ferroelectric surfac5,7

observations of ion currents,4,6,14,18and other evidences of
surface flashover formation.6,9
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It was shown6,10 that the ferroelectric cathodes, genera
ing strong emission current, may be operated in two differ
modes. The first mode is a reversal mode. The applied b
lar voltage pulses cause periodic spontaneous polariza
reversal followed by the strong electron emission extrac
from the surface plasma. This type of surface plasma is
ferroelectric origin. It emerges in the ferroelectric phase u
der the polarization switching. For example, it was genera
in ferroelectric triglycine sulfate~TGS! crystals at a tempera
ture less than the Curie point that is in the ferroelectric ph
only.6 In this case the plasma is ignited by the weak fer
electric emission.16,17 A similar effect was also observe
from ferroelectric PLZT 7/65/35 ceramics.5,10

FIG. 1. The experimental setup of the PZT ferroelectric cathode.
© 2001 American Institute of Physics
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FIG. 2. Emitted current pulses from APC 856, excited by 250-ns trigger voltage pulses starting att50, after various numbers of shots:~a! Initial shots,~b!
after ;63103 shots,~c! after ;23105 shots, and~d! after ;53105 shots.
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The second mode of the strong emission generation
nonreversal mode. It is observed in any linear dielectric11

and in ferroelectrics in any phase state.8,10,14 This mode of
the emission excitation occurs with unipolar applied hig
voltage stress. The direction of the applied trigger volta
coincides with the direction of macroscopic spontaneous
larization and therefore cannot cause any polarization re
sal. However, the field intensity should be high enough
ignite the surface plasma by field emission from trip
junctions.4,10,11This nonreversal mode was used in the stro
emission cathodes based on ferroelectric ceramics PLZ10

PZT, and BaTiO3.
14,15

It may be assumed that the surface flashover plasm
any origin should cause a damage to the ferroelectric cath
surface, influence the reproducibility of the emission curre
and limit the cathode lifetime.5 Thus the main motivations o
the undertaken studies were~a! to estimate some critical pa
rameters of the ferroelectric cathodes such as reproducib
and lifetime, and~b! to evaluate the applicability of ferro
electric cathodes with high current density in real electro
devices. We conducted this research with convention
Downloaded 29 Jul 2001 to 132.66.16.6. Redistribution subject to AIP
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used ferroelectric PZT ceramics. The emission was exc
in the nonreversal mode.

II. MATERIALS AND EXPERIMENTAL SETUP

Ferroelectric ceramics lead zirconate-titanate~PZT!
~APC-856!19 were investigated. This material is related to
ferroelectric phase and possesses macroscopic electric s
taneous polarization. A lifetime test was performed by t
use of 1031031 ceramic samples. The experimental set
is shown in Fig. 1. The emission current was measured b
Faraday cup in a 3-mm distance from the cathode. All
periments were conducted in a vacuum of;1025 Torr. The
surface damage was inspected by reflected optical mic
copy.

The setup was comprised of a traditional configurat
for ferroelectric cathode electrodes. The nonemitting r
side of the ferroelectric ceramic PZT sample was me
coated and connected to the ground. A brass washer wit
internal diameter of 3.4 mm was glued by silver paint to t
emitting front side. The cathode was subjected to unipo
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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negative rectangular voltage pulses~,1 kV!, with repetition
rates of 100 or 200 Hz and a rise time of less than 100
applied to the electrode of the emitting side. Application
the unipolar high-voltage pulses provided the ferroelec
cathode operation in the nonreversal mode only.

Six consequent test cycles of 10 min each were p
formed. The reproducibility of the electron emission curre
was investigated after each consequent cycle. The dama
the sample was inspected after 20, 40, and 45 min of
cathode operation.

III. EXPERIMENTAL RESULTS

First high-voltage pulses were applied manually for ve
fication of the emission current parameters. Several st
electron-emission current pulses ofI 53 A were obtained.
The periodic operation with a repetition rate off 5100 Hz
caused a decrease in the electron current. Figures 2~a!–2~d!
illustrate experimental traces of the generated electron
rents for different stages of the test. The initial electron c
rent traceI (t) @Fig. 2~a!# is similar to the previously pub
lished experimental results,8 i.e., a high-voltage 250-ns puls
~starting att50! causes the electron-emission current g
eration after a definite delay time of 50–70 ns. The ma
mum peak value of the electron current wasI 53.1 A. A
subsequent testing of the cathode PZT~APC 856! with a
frequency off 5100 Hz led to a gradual degradation of th
electron current parameters. After 1 min of the cathode
eration ~63103 shots! @Fig. 2~b!#, two distinct peaks were
observed. The maximum current decreased to two thirds
it becameI 52.2 A. Subsequent testing showed@Figs. 2~c!
and 2~d!# that the emission current pulse durationtdur de-
creased fromtdur5200 ns in the first 63103 shots totdur

5120 ns after 1903103 shots. A continuous cathode oper
tion of 1.5 h caused changes in the electron current shap
two peak current structure appeared instead of the one
observed at the starting point. A dead time of about 20
appeared between two peaks when the electron curren
creased to zero@Fig. 2~d!#. A considerable degradation wa
observed for the emission charge, which characterizes a

FIG. 3. The current-pulse charge degradation.
Downloaded 29 Jul 2001 to 132.66.16.6. Redistribution subject to AIP
s
f
c

r-
t
to
e

-
le

r-
-

-
i-

-

nd

A
ak
s
e-

tal

emission capability of the cathode per current pulse. T
emitted charge reduced by a factor of 3 during the test, fr
3.131027 C per pulse@Fig. 2~a!# to 0.931027 C per pulse
@Fig. 2~d!#. Figure 3 shows the dependence of the electr
emitted chargeQ per pulse versus the number of shots.
should be noted that despite the rather low repetition r
( f 5100 Hz) the electron current did not appear for each
plied high-voltage pulse. While at the first stage of the te
the current pulses were detected in every shot, at the
stage, after 53105 shots, about 20%–30% of the electro
current pulses did not appear at all.

During the experiment gradually growing damage of t
cathode surface was observed; from a small local dama
point on the emitting surface at the beginning of the test
severe damage, leading finally to total destruction of
cathode bulk. The final damage to the cathode is presente
Fig. 4. The damage at the front emitting side is seen in F
4, small holes penetrated through the 1-mm-thick catho
The surface damage development was correlated to the
duction in the measured electron current@Figs. 2~a!–2~d!#.

IV. DISCUSSION

The studied ferroelectric cathodes1–15 are related to dif-
ferent phase states~ferroelectric, antiferroelectric, relaxor
and paraelectric!. The strong electron emission was excit
in the two above-mentioned reversal and nonreversal mo
as well as during electric field-induced phase transitio
Ferroelectric TGS crystals and ferroelectric ceramics PL
7/65/35 were studied in the reversal mode.6,10 The fabricated
strong emission cathode using the same 7/65/35 PLZT c
position was also studied in the nonreversal mode.10 The
ceramics PLZT 12/65/35 are related to the paraelectric ph
and do not possess spontaneous polarization at all. The s
ies of this ceramic cathode were undertaken in the nonre
sal mode.8 The nonreversal mode of the strong emission
citation was also used for PZT and BaTiO3 ferroelectric
ceramics.14,15 Analysis of the published experimental resu

FIG. 4. Damages to the ferroelectric cathode on the front emitting sid
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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showed that regardless of all the above-mentioned dif
ences between the studied ferroelectric cathodes~composi-
tion, phase state, mode of the emission excitation! the fol-
lowing common features were observed:~a! strong electron
emission,~b! light emission, and~c! ion emission. These
experimentally observed effects allow us to come to the c
clusion that the strong emission from the studied T
crystals6 and ferroelectric ceramics4,5,10,14,15 is a plasma-
assisted phenomenon.

The PZT ceramics studied in this article are related
the ferroelectric phase. However, application of repetit
unipolar high-voltage pulses to the samples eliminated
reversal of spontaneous polarization. The observed sur
erosive damage and irreproducibility of the electron curr
and charge when the cathode was operated at high repe
rate indicate that the strong emission current is also extra
from the surface flashover.

The surface plasma in a vacuum may be generate
two ways. The first one is desorbtion and ionization of ato
and molecules of residual gases localized on the ferroele
surface. The second way is sputtering off and evaporatio
the surface atoms from the ferroelectric cathode and e
trode. The repetition rate of the applied high-voltage pul
determines which of the processes takes place. It is kn
that in a vacuum of 1025 Torr at ambient temperature,
monolayer of air will be adsorbed on the ceramic surface
0.2 s.20,21 Since the lowest repetition rate used was 100 H
the longest time period was 0.01 s. It means that for
studied ferroelectric PZT cathodes the plasma initiation
curred on account of the cathode material itself. The
served strong damage of the cathodes~Fig. 4! is a natural
effect occurring as a result of the surface flashover plas
formation. Obviously, at the final stages of the cathode
eration when the damage becomes critical, the irreprod
ibility of the electron-emission current from ferroelectr
cathodes increases. The observed changes of the cu
shape@Figs. 2~a!–2~d!# and emitted charge~Fig. 3! per pulse
is the experimental evidence that the studied PZT ferroe
tric cathodes have limited reproducibility and lifetime wh
they are operated in the repetitive mode. The observed
time for cathodes based on PZT~APC 856! ceramics, oper-
ated with a repetition rate of 100–200 Hz, was;106 shots
of 0.2 ms current pulses.

Discussing factors influencing the lifetime of ferroele
tric cathodes with high current density, two basic issu
should be stressed. The first one is the trigger voltage app
to the ferroelectric cathode. It has been shown that the trig
voltage determines the surface plasma density.4 One can as-
sume that the higher the surface plasma density, the hi
the cathode damage due to sputtering off and evaporatio
the ceramic and electrode materials. According to the exp
mental conditions used for the studied PZT ceramic samp
the trigger voltage (Vtr,1 kV) was close to the threshol
voltage of the plasma formation and electron emission.4,6,8,10

This implies that the measured lifetime is close to the ma
mal one, due to the surface plasma of lowest density in
given experimental conditions. The second issue is the
traction voltage influence. In this experiment the extract
voltage was,1 kV. Presumably, full separation of plasm
Downloaded 29 Jul 2001 to 132.66.16.6. Redistribution subject to AIP
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charges due to sufficiently high extraction voltage sho
decrease the cathode lifetime.

The presented experimental data show that the lifet
of the strong ferroelectric PZT cathodes, operated at h
frequency rates, is limited. An improvement of the emiss
current stability of the ferroelectric cathodes was repor
recently22 where a specific electrode, which consisted o
pattern of unconnected patches contained within a ri
caused a reproducible emission current over 100 shots.

Ferroelectric cathodes can be compared to velvet
carbon-fiber cathodes that also operate in pulse mode
have limited lifetimes of;104 and ;106 pulses, corre-
spondingly. A range of applications was proposed for fer
electric cathodes with different electronic devices such as
panel displays23,24 and spark switches.25,26 Specifically, the
usage of a ferroelectric cathode as an electron source
microwave tubes was shown to be feasible.27 A microwave
tube employing a ferroelectric cathode will have the bene
of a high-current density, immediate operation~no activation
process!, easy treatment of the cathode, no heating and th
fore simpler electron gun, and modest vacuum requireme
that allow the use of materials that usually are not used
conventional microwave tubes. However, the severe lifeti
limitation of the ferroelectric plasma cathodes operated
high-frequency rates, reported in this article, reduce their
plication in these long-term devices.

The simplicity of the ferroelectric cathodes constructi
and operation and their low cost open new possibilities
the microwave tube technology. In particular, disposable
crowave tubes for short-term uses can be conceived~for in-
stance, in missiles, projectiles, chaff decoys, etc.!. Further-
more, the cathodes can be integrated with the microw
circuit on the same dielectric substrate forming miniatu
microwave tube systems. These examples, and others,
from the unique features of the ferroelectric plasma cathod
in our view they justify further research of these cathodes
novel microwave tubes.
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