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Electron emission from ferroelectrics~FEE! is an unconventional electron emission effect. Methods
of FEE excitation are quite different compared to classic electron emission from solids. Two kinds
of FEE have been observed, ‘‘weak’’ and ‘‘strong.’’ ‘‘Weak’’ electron emission~current density
10212– 1027 A/cm2! occurs from polar surfaces of ferroelectric materials in the ferroelectric phase
only. A source of the electric field for ‘‘weak’’ FEE excitation is an uncompensated charge,
generated by a deviation of macroscopic spontaneous polarization from its equilibrium state under
a pyroelectric effect, piezoelectric effect, or polarization switching. The FEE is a tunneling emission
current which screens uncompensated polarization charges. It is shown that the FEE is an effective
tool for direct domain imaging and studies of electronic properties of ferroelectrics. ‘‘Strong’’ FEE,
which is 10–12 orders of magnitude higher than ‘‘weak’’ FEE, achieves 100 A/cm2 and is
plasma-assisted electron emission. Two modes of the surface flashover plasma formation followed
by strong electron emission have been studied. The plasma of ferroelectric origin has been observed
only in the ferroelectric phase and it is induced by polarization switching or a field-enforced phase
transition, such as antiferroelectric–ferroelectric or relaxor–ferroelectric. The second mode of
plasma is conventional surface flashover which may be initiated by a high voltage application in any
phase from any dielectric, including ferroelectrics. In this review paper we consider numerous
experimental results, as well as mechanisms of both types of electron emission from ferroelectrics.
The main stress is placed on the material aspect in order to clarify the influence of ferroelectricity
~ferroelectric phase transitions, polarization switching, etc.! on electron emission. Another aspect
which is broadly discussed is the potential applications of these unconventional FEE emitters in
various devices for development of high density FEE cathodes for microwave devices, as well as
FEE converters of IR irradiation into visible light, x-ray imaging, FEE flat panel displays, etc.
© 2000 American Institute of Physics.@S0021-8979~00!02323-9#
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I. INTRODUCTION

Two sorts of electron emission overbarrier and tunnel
are observed from solids. Overbarrier electron emiss
~photoelectron or thermionic! occurs when a source of a

a!Electronic mail: gilr@eng.tau.ac.il
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external energy~light source or thermal heater! excites elec-
trons to an energy exceeding the work function. For ther
onic emission, for instance, the cathode temperatureT should
be aroundT52500– 3000 K. In the case of tunneling emi
sion the external electric field gives rise to narrowing t
potential barrier resulting in tunneling of electrons to t
vacuum. Despite the absolute different mechanisms of
overbarrier and tunneling effects, the only common feat
should be noted for all classic types of electron emissi
Electron emission from conventional cathodes occurs du
changes in the electron subsystem of solids~changes of a
spectrum of electronic states, work function, or penetrabi
of the potential barrier!. No alterations arise in a crystal la
tice itself, which serves as a reservoir for electrons.

The first observations of electron emission from ferr
electrics~FEE! during the pyroelectric effect by Rosenblu
et al.1 and the piezoelectric effect by Rosenman a
Pechorskii2 in LiNbO3 crystals showed that FEE differ
strongly from classic types of electron emission from soli
The temperature variation needed for pyroelectrically
duced FEE was only a few degrees.1 FEE in a LiNbO3 crys-
tal was observed from polar surfaces only: on heating, fr
the Z1 polar face; and, surprisingly, on cooling from th
oppositeZ2 face. The measured electron energy was as h
as several keV without an external accelerating field.1 In the
case of the piezoelectric effect, the FEE was studied fr
LiNbO3 under mechanical pressing. It was found that theY1

face of the crystal emits electrons on pressing, whilst
oppositeY2 face emits on unloading along theX direction.2

The measured FEE current did not exce
1029– 10214A/cm2. Studies of FEE during spontaneous p
larization reversal by Rosenmanet al.3 in ferroelectric
Pb5Ge3O11 allowed the observation of FEE current seve
orders of magnitude higher, reaching 1027 A/cm2. The re-
sults ~Rosenblumet al.,1 Rosenmanet al.2,3! showed an im-
portant distinguishing feature of FEE compared to the clas
types of electron emission from solids. It was shown that
only reason for FEE is an electrostatic field, generated du
a deviation of spontaneous polarization from the equilibriu
state under pyroelectric, piezoelectric effects, or polarizat
reversal. FEE occurs from the negatively charged faces
ferroelectrics. The FEE current cannot be observed a
steady state current. This current is a transient emission
rent which screens spontaneous polarization. Investigat
of numerous ferroelectrics showed that the FEE effect i
useful tool for studies of electronic properties of ferroele
trics. Developing the FEE imaging technique3,4 allowed an
attractive method for ferroelectric domains observation to
proposed1,3 as well as the development of some FEE devic
such as a FEE flat panel display based on local polariza
switching.5 These FEE studies are related to the first per
of studies of the ‘‘weak’’ FEE.

An explosive interest in FEE arose at the second stag
studies of this phenomenon, after publications by Gun
et al.6,7 and other consequent publications by Riege, Gun
and their co-authors at CERN, reported huge FEE curre
reaching 102 A/cm2. The FEE effect was observed by use
PLZT ~lead lanthanum zirconate titanate! ferroelectric ce-
ramics subjected to a high pulsed voltage stress. The
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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corded FEE current6,7 exceeded 12 orders of magnitude t
‘‘weak’’ FEE current observed by Rosenmanet al.3 It be-
came clear that a new generation of electron cathodes c
be developed. Dozens of laboratories all over the wo
joined this activity ~Gundel, Riegeet al.,6,8 Ivers et al.,9

Schachter,153 Jiang et al.,10 Sampayanet al.,11 Cavazos
et al.,12 Averty et al.,13 Biedrzycki,91 Okuyama et al.,14

Airapetov et al.,15 Shur et al.,16 Miyake et al.,17 Riege
et al.,18 Shannonet al.,84 Krasik et al.,87 Boscolo et al.,89

Advani et al.,131 Zhanget al.,83!.
In the present review we also discuss a third stage

FEE studies. We firmly believe that this third stage is t
starting point of applying FEE in different technological a
eas and for diverse devices. Promising examples are the
applications of high density FEE cathodes for microwa
generation in a slow-wave tube,19 traveling wave tube,20 and
observation of high frequency modulation.21 It should be
noted that despite the immense efforts undertaken during
last 10 years there is no definite opinion about the physic
the phenomenon, especially about the strong FEE reac
hundreds of amperes per square centimeter. Experimen
FEE is observed in diverse effects, such as spontaneous
larization reversal, dielectric polarization, or various fie
enforced phase transitions~antiferroelectric–ferroelectric
relaxor–ferroelectric, paraelectric–ferroelectric!. The elec-
tron emission was measured in different phase states~ferro-
electric, antiferroelectric, relaxor, paraelectric! from electri-
cally poled and unpoled ferroelectric crystals and cerami

We firmly believe that the ‘‘mystery’’ of the effect is
hidden in the physics of ferroelectricity. This paper is a co
prehensive review of numerous experimental data on F
Analysis of the presented results and models are prese
based on ferroelectric materials science. The goal of the
view is to show the current state of the understanding of
phenomenon and to estimate the areas of its possible a
cation.

PART A: FERROELECTRIC ELECTRON EMISSION

1. Screening of the depolarization field and
the work function of a ferroelectric crystal near polar
surfaces

Ferroelectrics are spontaneously polarized crystals.
macroscopic dipole momentPs ~spontaneous polarization! of
a ferroelectric is stable without the application of an elec
field. For a ferroelectric crystal with finite dimensions, spo
taneous polarization is homogeneous in the crystal bulk,
abrupt changes occur at the polar faces wherePs50. The
nonhomogeneous distribution ofPs near the surface give
rise to a strong depolarization field because divPsÞ0. Two
different ways for minimizing the depolarization field ener
which allows a stable polarized state have been found.22 The
first way is a domain-divided ferroelectric crystal whe
screening the depolarization field occurs by electric char
of opposite signs of 180°-ferroelectric domains. The sec
way was proposed for monodomain ferroelectrics
Ivanchik23 and Guroet al.24,25 It was assumed that in th
equilibrium state the bounded polarization charges are c
pensated by screening charges of a ferroelectric semicon
tor @Fig. 1~a!#. The positive end of a spontaneous polariz
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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tion vector is screened by electrons, while the negative
by holes. This model allowed the prediction of the existen
of surface layers near opposite polar faces possessingn- and
p-type conductivity.22 The electron concentrationns near the
positive polar face can be determined by a simple equatio24

4pqdns5D, ~1!

where d is the thickness of the surface layer where t
screening charge is localized,q is the electronic charge, an
D is the electric field induction. For BaTiO3 expression~1!
gives ns51019cm23.24 An equilibrium electron concentra
tion in a neutral bulk regionni for any semiconductor is
given by

ni5Nc exp~2Eg /kT!, ~2!

whereNc is the density of states,Eg is the energy gap. Fo
the ferroelectric crystal BaTiO3 possessing the energy gap
Eg53.2 eV, the parameterni51029 cm23. Henceni!ns .
This allowed Ivanchik23 and Guroet al.24,25 to assume that
the compensation of the depolarization field in a mono
main ferroelectric crystal is provided by strong band bend
Dx1 and Dx2 which are of the opposite sign. Figure 1~b!
shows that a work functionA for the opposite polar face
AZ1 andAZ2 may be written as follows:

AZ15Eg1x2DxZ1, ~3!

AZ25Eg1x1DxZ2, ~4!

wherex is the electron affinity andEg is the band gap. Thes
expressions lead to a strong asymmetry of the work functi
DA for Z1 andZ2 faces. Theoretical estimations24,25showed
that for ideal pure single crystals:

DA5AZ22AZ15Eg , ~5!

which is very large for LiNbO3 (DA53.9 eV!. However,
experimental measurements demonstrated much lower
ues. LeBihan and Chartier26 measured by the electron mirro

FIG. 1. ~a! A ferroelectric crystal in an equilibrium state;~b! asymmetry of
the electronic work function near the polar faces of a ferroelectric cryst
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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microscopy method the difference in the work function
180° domains and observedDA50.975 eV for TGS crystals
Another experimental result obtained by a Kelvin pro
showed a much larger value ofDA54.5 eV for the TGS
ferroelectric, andDA51 eV for the GASH crystal.27 The
photoemission yield studied by Boikova and Rosenma28

gaveDA50.4 eV for LiNbO3 andDA50.6 eV for BaTiO3.
29

Low DA indicated that the screening charges are locali
mainly on surface states with the concentration for LiNb3

431014cm22.30 The estimated band bending wasDx1

50.15 eV and Dx250.25 eV and electron affinityx
50.25 eV. Akhaian et al.31,32 studied the photoemissio
work function in LiNbO3. The measurements showedDA
50.7 eV and allowed the observation of a zero electron
finity x50 at the Z1 face. However, the measuremen
implemented by the Anderson method32 did not reveal any
difference in potential barriers for electrons from oppos
polar faces. It was interpreted as direct evidence of comp
screening of spontaneous polarization by charges local
on the surface states.

II. BASIC CONDITIONS FOR FEE GENERATION

The concept of minimization of the depolarization fie
~Ivanchik,23 Guro et al.24,25! in a monodomain ferroelectric
allows the consideration of two systems of charges@Fig.
1~a!#. The first system is a system of the bound charges
sponsible for spontaneous polarization. The second is a
tem of the screening charges compensatingPs near polar
faces. The properties of these two systems are quite diffe
The system of the bound charges is determined by the p
erties of a ferroelectric crystal lattice. The screening char
are charges whose properties depend on electronic pa
eters of the ferroelectric semiconductor. Any deviation
spontaneous polarizationPs from its equilibrium value dur-
ing, for example, polarization switching or the pyroelect
effect, gives rise to imbalance chargesDPs . The screening
process ofDPs occurs by means of various compensati
currents. The relative contribution of different screening p
cesses to the total screening chargeQS5DPs depends on the
experimental setup, the bulk conductivity of a ferroelect
crystal, interface conditions, etc. The general equat
maybe written as follows:

QS5E
0

t

Jc dt1E
0

t

Jb dt1E
0

t

Jemdt. ~6!

The first term is a conventional switching~pyroelectric,
piezoelectric! charge Qext brought about by the transien
switching ~pyroelectric, piezoelectric! compensated curren
Jc to the electrodes that coat the polar faces via the exte
circuit during the timetsw @Fig. 2~a!#. The second term is a
screening chargeQb which is provided by the bulk conduc
tive currentJb . The chargeQb is a space charge, which i
redistributed near each polar surface inside a ferroelec
crystal bulk, in accordance with the following simple equ
tion:

Qb5Qb0 exp~2t/t!, ~7!
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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wheret is the relaxation time. The relaxation timet is de-
fined ast5««0 /s ~« is the dielectric permittivity,s is the
bulk conductivity!. For the conventional setup@Fig. 2~a!# the
current through the external short circuit is much higher th
that in the crystal bulkJc@Jb because the conductivitys of
the ferroelectric crystal is very low. For the LiNbO3 crystal
where«550 ands510216– 10218V21 cm21, the value oft
is as large as 105– 107 s. Therefore, the contribution of th
bulk currentJb to the screening process in this case is n
ligibly small.

The situation dramatically changes when ferroelec
polar faces are not coated by the electrodes@Fig. 2~b!#. A
temperature variation~pyroelectric effect! or mechanical
stress~piezoelectric effect! applied to a ferroelectric crysta
gives rise to the generation of pyroelectric or piezoelec
chargesDPs . For a sample without electrodes, the first te
in Eq. ~6! describing the external currentJc is zero. The bulk
screening process occurs very slowly with relaxation ti
t5««0 /s. So far the generated pyroelectric or piezoelect
charges will be the source of electrostatic fields in a g
ferroelectric sample-input plate of an electron detectorEd out

and in the crystal bulk of the ferroelectric crystalEd in
@Fig.

2~b!#. Figure 2b shows that the fieldEd out is responsible for
the FEE current. A simple estimation may be implemen
for LiNbO3 in the case of the pyroelectric effect~DT
510 K, pyroelectric coefficientg51028 C cm22 K21!. Tak-
ing a ferroelectric sample ofd51 mm thick along the polar
direction Z, and a gap of 10mm results in the fieldEd out

FIG. 2. Methods and conditions of generating ferroelectric electron em
sion. ~a! A conventional experimental setup;~b! an experimental setup for
FEE measurements. Uncompensated charges may be generated duri
roelectric, piezoelectric, and polarization switching effects.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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5DPs /«05106 V/cm (DPs5gDT51027 C/cm2). Accord-
ing to the estimations in the case of polarization switchi
the field Ed out should be much stronger-up t
107– 108 V/cm. A field 106– 108 V/cm is enough for the field
electron emission effect. Figure 2 demonstrates that F
from a ferroelectric crystal may occur from a negative
charged polar surface only. In the case of positive char
the field will cause field emission from a metal input plate
the electron detector toward the ferroelectric crystal@Fig.
2~b!#. The generated electron emission current will be a tr
sient current, screening~neutralizing! uncompensated
charges on the ferroelectric surface@see, the third term in Eq
~6!#. The FEE current flows in the short circuit containing t
upper ferroelectric crystal surface, the vacuum gap, the e
tron detector, the luminescent screen, the voltage so
(V1 ,V2), and the bottom ferroelectric surface. It should
emphasized that the FEE current from the charged ferroe
tric surface gives rise to a new neutral state of the crystal.
alternative possibility for the relaxation of this high electr
field @Fig. 2~b!# is a surface discharge effect and subsequ
screening process by electrons and ions from the sur
flashover plasma. It should be noted that the conside
model is based on the assumption of a stable unmod
ferroelectric domain configuration. The influence of this ve
important factor was demonstrated in studies of FEE fr
undoped TGS and isomorphic crystals implemented by
dorkin, Kostsov, and Biedrzycki~see Sec. I D!.

Thus, uncompensated electrostatic charges are gene
on polar surfaces of ferroelectrics by the pyroelectric effe
piezoelectric effects, and spontaneous polarization switch
The strong electrostatic field causes an unavoidable scr
ing process when a ferroelectric crystal uncoated by e
trodes may relax to a new fully compensated state by e
ting electrons~FEE! into the vacuum.

III. FEE INDUCED BY THE PYROELECTRIC EFFECT

To the best of our knowledge the first measurements
electron emission from ferroelectrics was undertaken by
liaev and Bendrikova,33 who studied the influence of sponta
neous polarization on photostimulated electron emiss
yield versus time in TGS and Seignette salt crystals in
The authors observed an increase of photoelectron emis
current from the negatively charged surface and a decr
for the positively charged one. Another pioneer paper p
lished by Kortov and Minz34 reported the observation o
photostimulated electron emission during ferroelectr
paraelectric phase transitions from the ceramics, BaTiO3 and
~Pb, Ba!Nb2O6. An anomalous increase of the electron em
sion current occurred in the vicinity of the Curie point.

The first detailed investigations of FEE during the pyr
electric effect was conducted by Rosenblumet al.,1 who
studied LiNbO3 crystals. The experiments were conducted
a vacuum of 1026 Torr, restricting to some extent surfac
discharges. A chevron electron multiplier consisting of tw
microchannel plates~MCP! served as a position-sensitiv
electron detector. The electron flux amplified by the detec
was imaged by a phosphor screen@Fig. 2~b!#. This setup
allowed the measurement and visualization of the elec
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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flux with a resolution of 300mm. The main result1 was the
observation of FEE without any photostimulation, which w
used in the previously published works~Beliaev and
Bendrikova,33 Kortov and Minz,34!. Heating the LiNbO3
monodomain crystal from room temperature toT5400 K
and its subsequent cooling induced persistent FEE from
Z1 face during heating and sporadic bursts during cooli
The oppositeZ2 face of the monodomain sample emitte
FEE on cooling and electron bursts were observed from
face on heating. Multidomain samples emitted electrons d
ing heating as well as cooling. The FEE images showe
pronounced picture of ring-shape ferroelectric domai
identical to the optical image of the domain structure in m
tidomain LiNbO3. The emission current density was of th
order of 1029– 10210A/cm2. Measurements of electron en
ergy by a retarding potential gave a high value ofWe

55 keV. The results were interpreted in terms of therma
stimulated field emission where the thermal stimulati
serves as a method of pyroelectric charges generation. T
charges produce an electrostatic fieldE in the vacuum gap,
which according to the presented estimations1 was as high as
E51.353107 V/cm. The data by Rosenman and Boikova35

obtained by the use of LiNbO3: Fe, demonstrated a long-tim
persistent emission current which was ascribed to the
namic equilibrium state between two processes: pyroelec

FIG. 3. FEE in a LiTaO3 crystal during the pyroelectric effect:~a! upon
heating;~b! upon cooling.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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charge generation and bulk charge relaxation process.
upper temperature of FEE wasT5420 K, and it was as-
cribed to the activation of Fe12-donor centers and corre
spondingly increasing the bulk conductivity.35

FEE was studied in detail by Rosenman, Rez, a
co-workers36,37 by the use of the isomorphic ferroelectr
crystal LiTaO3 @Fig. 3~a!#. The sample temperature was va
ied from 150 up to 773 K with different rates ofa in the
range of 1–12 K/min. Luminescent spark radiation was m
sured by a photomultiplier. A persistent electron emiss
current was unipolar and observed from theZ1 face on heat-
ing and theZ2 face on cooling when negative pyroelectr
charges are generated. Sharp drops of the persistent
current occurred fora.4 K/min and disappeared fora
51 K/min. These sharp electron emission drops were
served simultaneously with spark radiation pulses. The t
perature of the FEE generation was limited for both lo
temperatureTL5100 K and high temperatureTH5400 K
@Fig. 3~b!#. It is obvious that the observed FEE is of a pyr
electric origin. The pyroelectric field is screened in thr
ways. The first one is electron emission current FEE. T
second mode of screening occurs via a ferroelectric cry
bulk. The third way is observed when the surface pyroel
tric field exceeds the breakdown electric field. The surfa
flashover gives rise to screening of the pyroelectric field
positive ions from the surface plasma. It should be emp
sized that all kinds of charge relaxation lead to the reno
tion of the neutral state. The grounded bottom face of
sample and input plate of the electron detector creates s
circuit conditions providing the needed neutrality@Fig. 2~b!#.
The measured FEE current density wasJem510212A/cm2

and the emitted electron charge per second wasQem

510212C/cm2. The persistent FEE arises upon heating
yondDT'3 – 4 K and for a LiTaO3 deviation of the sponta
neous polarizationDPs'1027 C/cm2. So far the electron
emission chargeQem is much less than the generated pyr
electric chargeDPs and it may be neglected in the charg
balance. The following equation for the uncompensa
chargeDr causing FEE, considering the processes of py
electric charge generationdr t52gdT, ~g is the pyroelectric
coefficient! and their screening by compensation via t
ferroelectric crystal bulk, may be obtained.

Dr5gatS 12
DT

2at D . ~8!

Direct evidence of the influence of the bulk screeni
process was demonstrated in the Ba2NaNb5O15~BNN!
ferroelectric.38 Its dark conductivitysd is close to that of
LiNbO3 and LiTaO3 crystals. However, this ferroelectri
crystal possesses a very high photoconductivitysph. The
temperature dependence of the FEE current measured i
dark was similar to that obtained for other low conducti
ferroelectrics.1,37 Illumination of the ferroelectric crystals b
a He–Cd laser (l50.44mm) gave rise to a total extinction
of FEE ~Fig. 4!. The process of the FEE relaxation was stu
ied at different temperatures and under different laser be
intensities. It is obvious@see Eq.~8!# that the laser illumina-
tion of the photosensitive crystal BNN leads to a sharp
crease of the relaxation timet due to a conductivity increase
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The experimental linear dependence of the photoconduc
ity of the BNN crystals allowed one to estimate several i
portant electronic parameters: photosensitivity, the prod
mbt ~where m is the electron mobility,b is the quantum
yield, and t is the lifetime!, and electron mobility of the
thermalized photoelectrons screening pyroelectric chargm
51 cm2 s21 V21.38

The FEE effect was also studied from linear pyroele
trics. It was first observed in BeO ceramics39 and
monocrystals.40 The electron emission peak was measured
the temperature rangeT5150– 350 K and the effect was as
cribed to the pyroelectric properties of this compositio
Measurements of FEE and pyroelectric properties41 con-
firmed the proposed model and showed that the FEE cur
depends strongly on the poling field. The electron ene
observed from polarized ceramics of BeO achieved 1 ke

Detailed investigations of other linear pyroelectrics we
implemented later by use of lithium sulphate monohydr
and Resorzin monocrystals.42,43 Two kinds of FEE were
found: pyroelectrically induced FEE and FEE of the elect
origin. The FEE effect was highly irreproducible for the
crystals. It was assumed that the unstable FEE may be
lated to modification of the spectrum of the surface state

IV. FEE DURING PHASE TRANSITIONS

The ferroelectric phase transition is the region where
physical parameters such as structural symmetry, spont
ous polarization, pyroelectric coefficient, dielectric perm
tivity are changed critically. Anomalous photoemission w
observed in monodomain ferroelectric monocrystals BaT3

during all three well-known phase transitions, both
crystals44–46 and thin films.47 The photostimulated FEE cur
rent was asymmetric: The current from theZ1 face was al-
most twice as much as the current from the opposite p
face. The effect was ascribed to two different causes:~a!
band bending of the opposite sign near opposite polar fa
and~b! an asymmetric potential barrier for electrons in ferr
electric crystals during their transport to the emittin
surfaces.48 It should be noted that BaTiO3 is a high conduc-

FIG. 4. The effect of light illumination on the extinction of FEE i
Ba2NaNb5O15 crystals. The arrows show the time of switching the illum
nation ‘‘on’’ and ‘‘off.’’
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tive ferroelectric crystal (s'1029 S/cm) and ‘‘dark’’ ferro-
electric electron emission cannot be observed in these c
tals.

The most attractive ferroelectric crystal for studies
FEE during ferroelectric phase transitions is a TGS crys
The Curie temperature of this crystal is near room tempe
ture, TC549 °C, and the conductivity is several orders
magnitude less than that in BaTiO3, being close to the pa
rameter in LiNbO3 (s'10216– 10218S/cm). Numerous pa
pers have been published on FEE from TGS and isomor
crystals. Sujak and Syslo performed the first observation
FEE in TGS, TGSe, and TGFB.49 FEE was observed within
the temperature range of the ferroelectric phase trans
upon heating from the positive polar face. The peak of F
occurred at the Curie temperature. The absorption met
used inb spectrometry was applied to estimate the elect
energyWe . A value ofWe about 130 keV was obtained. Th
authors ascribed the effect to the pyroelectric properties
TGS crystals. Detailed studies of FEE from virgin TGS w
different domain structures during ferroelectric phase tra
tion were carried out by Kostsovet al.,50 Sidorkinet al.,51,52

and Biedrzyckiet al.53–55Biedrzycki53 studied 35 virgin un-
doped TGS crystals. It was demonstrated that FEE oc
mainly in two electron emission peaks. The first strong F
current maximum was observed 6–13 K below the ph
transition pointTC5322 K, and the second smaller peak w
recorded at 2–3 K above the Curie temperature. The p
posed interpretation of the obtained data was based on d
observations of the domain structures in the studied T
samples by nematic liquid crystals.54 The virgin TGS pos-
sesses a highly mobile domain structure, which was es
cially unstable several degrees below the Curie point. H
ing up the TGS samples causes a generation of
pyroelectric field. The field may be screened by the b
conductive current and partly by FEE, as was observed
LiTaO3 and LiNbO3 crystals. Another way to minimize th
depolarization field is a reconstruction of the doma
configuration.50,54The process of domain structure modific
tion is individual for different virgin TGS samples, and it
consistent with ‘‘irreproducibility’’ of the FEE spectra ob
served by Biedrzycki.53

A stable unipolar monodomain configuration in TG
crystals is observed when TGS is doped withL-a alanine. It
occurs due to the internal electric field of built-in polar mo
ecules ofL-o alanine. The samples of doped TGS cryst
demonstrated a reproducible unipolar FEE effect.56 The
structure of the FEE temperature spectrum~temperature was
varied within the region of 300–390 K! consisted of two
peaks from both polar surfaces@Figs. 5~a! and 5~b!#. The first
one was observed in the ferroelectric phase, while the sec
peak in the paraelectric phase. It was ascribed to FEE ca
by an electret field and it was highly reproducible for bo
faces upon heating. Studies of the FEE effect in doped T
crystals at low temperature showed that persistent elec
emission is observed in the ferroelectric phase.57 Estima-
tions, fulfilled in the work by Rosenmanet al.,57 showed that
near the Curie temperature the relaxation timet is very high
because of a sharp growth of the dielectric permittivity«.
The results allowed one to simplify Eq.~8! and describe the
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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field in the gap ferroelectric sample-electron detectorEgap

which causes FEE, in the following form:

Egap5
g~T!DT

«0«~T!
dg

dcr

, ~9!

wheredcr is the thickness of the crystal along the polar a
anddg is the distance between the upper polar surface of
ferroelectric sample and input plate of the electron detec
Equation~9! shows that the fieldEgap is proportional to the
ratio g/«. Both parameters change strongly in the region
the phase transition. Measurements of FEE and the de
dence ofg/« implemented for highly doped TGS with immo
bile domain structure, demonstrated that the FEE current
havior is similar to the temperature dependence of
parameterg/«.57

Recently, comparative studies of several ferroelec
crystals and ferroelectric PLZT ceramics were implemen
by Shur and Rosenman.58 PLZT ceramic samples and un
doped monodomain LiNbO3, TGS, Gd2~MoO4!3, and
Pb5Ge3O11 crystals were studied in the experiments. Pero
skite PLZT ceramic compositions 2/65/35 and 7/65/35
lated to a rhombohedral ferroelectric phase were used.
ceramic samples were prepoled before measurements.

FIG. 5. FEE from TGS crystals doped with L-o alanine:~a! from the
Y1-polar face;~b! from theY2-polar face.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Dielectric permittivity of the samples was measured a
frequency of 1 kHz by an LCR meter ELC-131D. Two kind
of FEE curves were observed~Fig. 6!. The first one has a
sharp maximum that was recorded for TGS crystals only
the vicinity of the Curie point and the data are consist
with the results.49–57 The second one is a rather smoo
graph of the FEE current density that increases with temp
ture. These curves were compared forDT'40 °C for all
samples when the temperature change rate is approxim
constant. For thisDT the highest FEE current densit
j em(T'337 °K)'1.25310212A/cm2. The electron emis-
sion image showed that FEE was uniform from the en
surface of the sample. The electron current appeared
after the heating started whenDT was just a few degrees
The FEE current density was much lower for the stud
ferroelectric ceramics~Fig. 6!. It was two orders of magni-
tude lower for PLZT composition 7/65/35, and 20 times f
2/65/35. Electron emission was observed from PLZT 2/65
compositions from the edges of the sample only becaus
fringing fields. The FEE current density was also very we
for Gd2~MoO4!3( j em'2310214A/cm2). It was not observed
at all for lead germanate crystals because of their very h
conductivity, which wass'1029 S/cm. It should be noted
that abrupt growth of the FEE current for PLZT 7/65/3

FIG. 6. A comparison between FEE properties of various ferroelectric c
tals and PLZT ceramics.
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started at the temperatureT'363 C and reached the value o
10212A/cm2 within the several degrees of temperatu
change~Fig. 6!.

Table I shows basic material values and FEE data for
studied ferroelectrics. It is obvious that for low conducti
ferroelectrics and for a relatively short heating time, the p
cess of bulk screening may be neglected.58 The field in the
gap in this case is described by Eq.~9! whereEgap is propor-
tional to the relationg/«. The data in Table I demonstrate
very good correlation between theg/« relation and the FEE
current. The smallest FEE current was observed for fe
electric ceramics PLZT. In spite of the fact that they have
largest pyroelectric coefficient, they also possess a very h
dielectric permittivity, which suppresses growth of the fie
Eg .

Two very important points should be emphasized. T
first one is related to the sharp rise of emission current d
sity occurring at a temperature of about 363 °C for the PL
7/65/35 sample~Fig. 6!. We assume that this cannot be e
plained by the enhancement of the field in the gap due
rather strong changes of the temperatureDT. No rise of
emission current was observed for PLZT 2/65/35 in spite
the lower conductivity. We believe that this anomalous F
current growth in 7/65/35 composition is due to th
ferroelectric–relaxor phase transition that occurs well bel
the dielectric permittivity maximum, when the macroscop
spontaneously polarized state disappears.59

The studied PLZT compositions are very popular ma
rials for strong ferroelectric cathodes. The presented stu
showed the opposite result: PLZT ceramics demonstrate
worst FEE figures of merit. They generate the smallest, n
ligible FEE current. For ‘‘weak’’ FEE observed under pyro
electric, piezoelectric, and spontaneous polarization swi
ing, the higher the dielectric permittivity the smaller the FE
current. As will be shown in Part B, which is devoted
strong ferroelectric cathodes, the critical parameter for th
is also the dielectric permittivity. The larger the permittivit
the higher the ‘‘strong’’ FEE current. This discrepanc
proves that the origin of these two effects is quite different
will be shown in the following that ‘‘weak’’ FEE is a tun-
neling electron emission from a charged ferroelectric surf
while ‘‘strong’’ FEE is a plasma-assisted effect.

V. FEE IMAGING OF STATIC DOMAIN STRUCTURES

The observed FEE effect allowed development of a n
method of imaging of static ferroelectric domains
LiNbO3.

1 The electron imaging method is shown in Fi

s-
TABLE I. FEE and basic physical parameters for studied ferroelectrics~Shur and Rosenman—Ref. 58!.

Sample

Pyroelectric
coefficientg,

C/~cm2 K!

Relative
dielectric

permittivity «
Relaxation
time t, s Relationg/«

j em

pA/cm2

TGS 2.6331028 49 876 5.36310210 3.8
LiNbO3 0.8231028 31 7720 2.64310210 1.27
PLZT 2/65/35 3.0431028 581 836 5.23310211 0.07
PLZT 7/65/35 6.931028 2184 876 3.16310211 0.01
Gd2~MoO4!3 4.4310210 9 1717 4.8310211 0.02
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2~b!. TGS crystals doped byL-a alanine were studied by
Rosenmanet al.60 for the visualization of artificially fabri-
cated bidomain configurations~Fig. 7!. Due to a high con-
centration of doping, the FEE domain images demonstrat
high stability. It was shown that any electron image may
obtained for a properly fabricated domain structure and
may also serve as a solid state electron imaging test.

Another type of a bidomain configuration was imaged
Kugel for LiNbO3 where ‘‘head-to-head’’ domain structure
with various thicknesses of the inverted layers and multila
domain configurations were built-in by outdiffusion he
treatment atT51100 °C.61 Figure 8 depicts a ‘‘head-to
head’’ bidomain configuration. The electric fieldEgap, of
pyroelectric origin, generated in the gap ferroelectric samp
electron detector for low conductive ferroelectrics li
LiNbO3 may be written as follows:61

Egap5
1

«0

2gdT

«0dcr1«crdg
~dcr22D!, ~10!

where dcr and «cr are the crystal thickness and dielectr
permittivity along the polar axis of the ferroelectric, respe
tively, anddg is the gap between the electron detector a
ferroelectric sample,dT is the temperature change, andD is
the thickness of the domain inverted layer. For a mono
main structureD50 and conventional unipolar FEE occu
from both polar faces.1,37 For the ‘‘head-to head’’ symmetric
bidomain structureD50.5dcr the field Egap is zero and no

FIG. 7. FEE imaging of the ferroelectric bidomain configuration in a dop
TGS crystal:~a! upon heating;~b! upon cooling.
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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emission current was recorded from anyZ-polar face. How-
ever, the FEE current was generated from the boundary
tween domains into the vacuum where the negative pyroe
tric charges were accumulated during heating~Fig. 8!.

VI. FEE DURING THE PIEZOELECTRIC EFFECT

Another method to generate FEE is the piezoelectric
fect. FEE from LiNbO3 crystals induced by the piezoelectr
effect was initially observed by Rosenman a
Pechorskii.2,62 It was studied from monodomain sample
which were subjected to uniaxial deformation. Electro
were emitted from the (010)-Y1 face and the (01̄0)-Y2

face when the ferroelectric crystal was deformed along
@100#-X direction. Figure 9 shows the FEE current vers
mechanical stress. The observed FEE effect was unipo
Electron emission was observed from the (010)-Y1 face
when the sample was stressed and from the (010̄)-Y2 face
under unloading~Fig. 9!. The FEE current was generate
either from theY1 face above a definite threshold of th
mechanical pressure~Fig. 9! or from the opposite face whe
the pressure on a tightly pressed sample decreased af
definite time of pressure application. The current magnitu
depended on the loading rate. The observed electron cu
was 10212A/cm2, which is comparable to the FEE curre
induced by the pyroelectric field. Obviously, FEE observ
from piezoelectric LiNbO3 crystals is a field electron emis

dFIG. 8. The optical and FEE image of the ‘‘head-to-head’’ domain config
ration induced by the pyroelectric effect.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sion where the field is generated by the piezoelectric eff
The field generated on the emitting surface is given by62

Egap5
d21a«

2s F12expS 2
s

««0
t D G , ~11!

where d21 is the piezoelectric coefficient,a is the rate of
deformation, ands is the conductivity. Estimations based o
real experimental parameters allowed the authors to obta
value of the field of about 2.33106 V/cm, which is sufficient
for field electron emission.

VII. FEE INDUCED BY POLARIZATION SWITCHING

Previously reviewed results indicate that the FEE eff
is generated by an uncompensated field of pyroelectric
piezoelectric origin. Different methods used for estimati
the intensity of the generated field showed that it does
exceed (2 – 3)3106 V/cm. The measured FEE current varie
within the range 1029– 10214A/cm2. The FEE imaging
method allowed the visualization of static domain configu
tions.

It was proposed that polarization switching should be
most effective method for FEE generation.3 This field-
induced reorientation of the ferroelectric polar axis may
performed in a short time, which is much less than that of
dielectric relaxation time. Fast changes of spontaneous
larization from1Ps to 2Ps allows the neglection of bulk
screening processes and a prediction of an appearanc
much higher uncompensated fields which were gener
upon the pyroelectric or piezoelectric effect.

The first observation of FEE during polarization rever
was performed by Rosenmanet al.3 FEE was studied in lead
germanate Pb5Ge3O11. A previously described electro
detector60 allowed the detection of the FEE current and
simultaneous observation of the FEE images, illustrating
switching process in real time. A detailed analysis of F
was performed using a TV system for recording the F
process during polarization reversal. The time resolution w
limited by the TV method of recording, 40 ms. An extern
switching field was applied to two electrodes from a hi
voltage generator@Fig. 2~b!#. The first electrode was a rea

FIG. 9. FEE induced by the piezoelectric effect at different rates of m
chanical loading.
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electrode deposited on the ferroelectric sample. The sec
electrode was the input plate of the electron multiplier. Th
the sample was placed directly on the microchannel plate
small gap remained between the polar ferroelectric surf
and the electron detector, which also served as the switc
electrode. Our subsequent measurements of capacities
an estimation of this distance as 10–20mm.

The studied lead germanate plates were 1031031 (X
3Y3Z) mm in size. The switching field was varied in th
range ofEsw5(3 – 6)3103 V/cm. Figure 10 shows severa
fragments of the video movie. Application of the switchin
pulse (Esw53.43103 V/cm) gives rise to a bright emissio
spot. The intensity decreased fast in the center and the e
sion ring of an irregular form moved to the crystal periphe
This FEE movie was recorded when the switching volta
pulse of a negative polarity was applied to the rear electro
The switching voltage causes the appearance of the neg
end of the domain at the crystal surface which was placed

-

FIG. 10. FEE images~310! illustrating the polarization switching proces
in Pb5Ge3O11. The applied switching field is 3.43103 V/cm. The FEE im-
ages were taken every 0.12 s.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the input plate of the electron detector. Application of a pu
of an opposite polarity did not lead to any electron emiss
except for the appearance of sporadic flashes.

The FEE images63 demonstrate the development of th
switching process. It is known that polarization switchi
occurs in three separate stages: an increase of a nucleus
inverse polarization, its growth through ferroelectric crys
bulk toward opposite polar face, and a sideways motion
domain walls.64 The illustrated FEE images demonstrate tw
stages. The bright emission spot~Fig. 10! generated upon
applying the switching field is the starting point of th
switching process and it corresponds to the nucleation st
The macroscopic nucleus increases its size by mean
broadening. This stage of domain wall movement is illu
trated by other FEE images~Fig. 10!. The moving domain
boundary leaves behind the emission trace. It may be
sumed that this trace is a region of uncompensated switc
charge. This conclusion is consistent with the classic mo
developed by Miller and Savage,65 who predicted an appear
ance of the uncompensated polarization charge 2Ps behind a
moving 180° domain wall. They also proposed a mechan
of screening of this depolarization field. This may occur
means of field electron emission from the region of unco
pensated charges into the surface dielectric~nonferroelectric!
layer of a ferroelectric crystal. The observed FEE3 is direct
experimental evidence of the discussed theoretical mod65

The domain wall velocity was estimated directly from t
FEE data (v53.6 cm/s). This parameter is 10 times less th
that for lead germanate crystals.66

The developed imaging method allowed the observa
of the FEE current contribution to the screening depolari
tion field generated during polarization reversal. The exp
ments were performed by use of ferroelectric–ferroela
gadolinium molibdate crystals Gd2~MoO4!3.

67 The samples
prepared were plane parallel wafers 1.5 mm thick. Polar
faces were rectangular with sides parallel to the~110! and

(11̄0) directions and sized 238 mm2. Figure 11 shows TV
fragments of a video movie whose frames were taken ev
40 ms. Application of a switching voltage of 500 V led to th
appearance of an emission spot at the edge of the samp
grew along the short crystal side in the form of a thin brig
line. The line started to traverse the crystal along the ot
side and electron emission was observed from the whole
lar face of the sample~Fig. 11!. The FEE images illustrate a
stages of polarization switching in the ferroelectric
ferroelastic crystal Gd2~MoO4!3: nucleation of a tapered do
main at the crystal edge, penetration of the tapered dom
through the crystal and formation of a strip domain, a
finally, the sideways motion of the 180° domain wall.

Ferroelectric–ferroelastic crystals Gd2~MoO4!3 have a
very low conductivity (s510214S/cm) and its dielectric re
laxation time ist588.5 s.67 Hence, in the case of an un
coated polar face bulk screening of the depolarization fiel
strongly limited. The last FEE image~Fig. 11! showed an
intensive extinction of the FEE picture brightness in a sh
time,tem'1022 s. This time is four orders of magnitude le
than the estimated dielectric relaxation time of this crys
This is evidence that the FEE current contributes sign
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cantly to the screening process in low conductive ferroel
tric crystals.

FEE during polarization switching was also thorough
studied by Biedrzycki and LeBihan68 and Rosenman
et al.63,69 in TGS crystals, by Biedrzycki and LeBihan70 in
BaTiO3 and PLZT ceramics, and by Sujak and Biedrzyck71

in KDP crystals. FEE was excited in TGS crystals by t
application of a 50 Hz sinusoidal switching field. The o
served results~see Refs. 63 and 70! showed that the FEE
current is generated when the applied field reaches a v
sufficient for polarization reversal, which was controlled
simultaneous measurements of hysteresis loops. FEE
observed only in a ferroelectric phase atT<TC and the ef-
fect appeared from a negatively charged ferroelectric po

FIG. 11. FEE images~310! illustrating the polarization switching proces
in Gd2~MoO4!3. The switching field is 3.33103 V/cm. The FEE images
were taken every 0.04 s.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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face when the negative end of the polar axis extended to
surface.

Direct measurements of FEE current density from a T
crystal in a 50 Hz switching field63 resulted in j em

51027 A/cm2. Similar results were observed in a 50 H
switching field for other ferroelectrics, including PLZ
ceramics.68,71

It should be noted that in the reviewed papers the F
parameters were measured in a ‘‘plane’’ geometry when
upper electrode~the input plate of the used electron detect!
was mounted parallel to studied ferroelectric faces@Fig.
2~b!#. The resulting FEE current was weak and did not e
ceed 1027 A/cm2. This experimental setup differed from th
setup developed by Gundelet al.6,7 where a patterned~strip,
grid! electrode was deposited directly on the studied po
face. As a result, the distribution of the applied electric fie
is drastically altered from a ‘‘plane’’ geometry. We firml
believe that the experimental setup with patterned electr
led to absolutely new results when an extremely strong F
current reaching 100 A/cm2 was obtained.6,7

VIII. NATURE OF ‘‘WEAK’’ FEE

A. Basic features of FEE

The presented review of the experimental results in
previous sections shows that the FEE effect is observed f
different ferroelectric crystals and ceramics. A list of studi
ferroelectrics includes almost all well-known ferroelectri
(LiNbO3, LiTaO3, TGS, Ba2NaNb5O15, BaxSr12xNb2O6,
Pb5Ge3O11, Gd2~MoO4!3, BaTiO3, and PLZT!. They were
studied under various conditions. FEE was observed for
roelectric, piezoelectric effects, and during polarizati
switching. Despite different compositions of the investiga
ferroelectrics and diverse methods of electron emission e
tation, the common features of the FEE should be noted

~a! FEE is observed in the ferroelectric phase only,
~b! FEE is generated due to a deviation of spontane

polarization from its equilibrium state,
~c! FEE is an electron current into a vacuum screen

depolarization field,
~d! FEE current density is 1029– 10212A/cm2 for pyro-

electric, piezoelectric effects and it reaches 1027 A/cm2

if induced by polarization switching,
~e! FEE electron energy may reach the value 105 eV

B. Electric field distribution of a charged ferroelectric
crystal

Analysis of the studied basic features of the FEE eff
results in an important conclusion about the field origin
electron emission from ferroelectrics. The source of t
electrostatic field is charges of spontaneous polarizationDPs

generated on ferroelectric polar surfaces.
A conventional experimental setup, which was dev

oped for all FEE measurements showing weak FEE curre
is considered in Fig. 12. A ‘‘plane’’ geometry was use
when the plate of the electron detector is parallel to the
ferroelectric surface. The studied front crystal surface is n
covered by an electrode. The ferroelectric sample of thi
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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nessdcr is mounted on a sample holder. The rear face of
sample with an electrode attached and the input plate of
electron detector are grounded. The detector is mounted
distancedgap from the front polar ferroelectric face.

Any changes of the ferroelectric crystal temperature, m
chanical pressure, or polarization reversal causes a devia
of the spontaneous polarizationDPs . Charges~positive and
negative! are generated near the polar surfaces. They
localized at the boundary between the ferroelectric cry
and the dielectric layer~Fig. 12!. The existence of the surfac
layer of nonferroelectric origin is a well-known experiment
and theoretical fact. It may also be considered as a laye
localization of screening charges.22 This charge is a source o
three electrostatic fields~Fig. 12!: the field inside the ferro-
electric crystal bulkEd in , in the dielectric layerEdl , and
outside the ferroelectric crystal bulkEd out. Numerous ex-
perimental data and direct measurements have shown
FEE is observed from a negatively charged surface. To e
mate the probability of electron emission from a ferroelect
crystal, the fieldsEd in , Edl , andEd out should be estimated
The calculations were done by assuming a uniform distri

FIG. 12. Electron energy diagram in the depolarization field. The field m
be generated during pyroelectric, piezoelectric, and upon polariza
switching. U0(z) is the potential energy of an electron in the equilibriu
state,x is the electronic work function,Ud(Z) is the distribution of the
potential of the depolarization field created by uncompensated polariza
charges, andU(Z) is the potential energy of an electron in the depolariz
tion field.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. Calculated electrostatic fields and measured FEE currents for ferroelectric crystals and thin film
pyroelectric and polarization switching effects.@The estimation of the fields are performed for ferroelectric TG
crystal and PLZT ceramics in accordance with the plane geometry of the experimental setup of Fig. 12 a
~12!–~14!; dgap510mm.#

Pyroelectric effect Polarization switching

Crystal ~ceramics!,
dcr51 mm

Thin film,
dcr51 mm

Crystal ~ceramics!,
dcr51 mm

Thin film,
dcr51 mm

TGS PLZT TGS PLZT TGS PLZT TGS PLZT

Electric field
Edin , V/cm

0.93104 4.73102 3.73104 4.93102 5.23105 3.23106 2.23106 3.33105

Electric field
Edl , V/cm

1.83105 9.43103 7.53102 50 13107 6.43106 4.53104 6.73103

Electric field
Edout , V/cm

0.93106 4.73104 3.73103 250 5.23107 3.23107 2.23105 3.33104

Measured FEE
current, A/cm2

1029– 10212 10214
¯ ¯ 1027– 1029
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tion of the fields for a flat surface. The expressions for
fields are given as follows:

Ed in5
DPs

«0
3

1

«cr1
dcr

dgap

, ~12!

Edl5
DPs

«0
3

1

« l S 11
dgap

dcr
«crD , ~13!

Ed out5
DPs

«0
3

1

11
dgap

dcr
«cr

. ~14!

Figure 12 and Eqs.~12!–~14! allow one to explain and pre
dict some important experimental results.

C. The problem of FEE from ferroelectric thin films:
‘‘Size’’ effect

Figure 12 and Eqs.~12!–~14! show that the field inten-
sities strongly depend on the size relationdcr /dgap, the value
of uncompensated chargesDPs , and the dielectric permittiv-
ity «cr of the ferroelectric sample. We will consider th
‘‘size’’ effect for the plane geometry where a ferroelectr
sample~crystal or thin film! with a flat surface is mounted
above the flat surface of the electron detector. It may
called a ‘‘plane-to-plane’’ setup. This experimental set
was used in all works on ‘‘weak’’ FEE.1,35–37,42,49–58

Two sorts of materials, ferroelectric crystals TGS a
ferroelectric ceramics PLZT 7/65/35, will be considere
They differ strongly in the value of spontaneous polarizat
(Ps,PLZT/Ps,TGS'10) and in the dielectric permittivity
(«cr,PLZT/«cr,TGS'50). In the case of the pyroelectrically in
duced FEE, measurements ofDPs showed DPs

;1027 C/cm2. This value will be taken for further
estimates. For polarization switchingDPs may be as
high as DPs;2Ps @DPs~TGS!5631026 mC/cm2 and
DPs~PLZT 7/65/35)56831026 mC/cm2#. It is of great in-
 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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terest to estimate and compare the induced fields for fe
electric crystals and thin films for these two sorts
materials.

Conventionally used ferroelectric crystals for FEE stu
ies have a thicknessdcr51 mm and the measured minimum
value of the gap isdgap510mm ~Fig. 12!. For estimation of
the fields in ferroelectric thin films the thickness of the fil
is chosen to be 1mm.

Table II shows the field intensity redistribution vers
the sample thickness. The thinner the ferroelectric sam
the lower the fieldEd out responsible for FEE, and the highe
the field Ed in is in the bulk. The pyroelectrically induce
field Ed out for a TGS crystal with a thicknessdcr51 mm is
aboutEd out5106 V/cm. Experimental studies demonstrate
explicitly that the field is sufficient for a FEE currentj
51029– 10212A/cm2.1,35–37,42,49–58For a thin ferroelectric
TGS film dcr51 mm, the same pyroelectric uncompensat
chargeDPs gives a fieldEd out three orders of magnitude les
(Ed out53.73103 V/cm!. It is obvious that such a low field
cannot cause electron emission. We did not find any p
lished experimental data for pyroelectrically induced FE
from TGS thin films. The ‘‘size’’ effect of pyroelectrically
induced FEE was studied in ferroelectric crystals LiNbO3,
and LiTaO3 crystals of different thickness varying from 1 cm
to 100mm. It was shown that the FEE current from LiNbO3

decreased appreciably for samples 100mm thick.72 The esti-
mation the minimal thickness along the polar axisdcr ~«
;50, J;1029 A/cm2! of a ferroelectric crystal when FEE
might be observed results in a value ofdcr,min;50mm. In
the paper by Rosenman,73 a 50-mm-thick ferroelectric disk of
LiTaO3 showed a very weak FEE current induced
CO2-laser heating. In this experiment the imaging IR rad
tion with l510.6mm was enabled only when a bias dc ele
tric field was applied to the sample.

Polarization switching of the TGS crystal permits th
generation of uncompensated charges of more than 1.5
ders of magnitude. The fieldEdout reaches 5.23107 V/cm
and a much higher FEE current of 1027 A/cm2 was
measured.63 The estimates~Table II! made for TGS thin
films 1 mm thick show a low value of the fieldEd out under
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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polarization switching (Ed out52.23105 V/cm!. This field is
not sufficient to produce field-induced FEE current.

Let us consider the fields and FEE currents for the PL
7/65/35 composition in the case of the pyroelectric effect a
polarization switching. The fieldEd out may be estimated fo
the same uncompensated pyroelectric chargeDPs

51027 C/cm2. The estimation gives the fieldEd out for a
PLZT ceramic sample 1 mm thick 10 times less than that
TGS because of the very high dielectric permittivity of t
ceramic «52.33103. The estimated field Ed out54.7
3104 V/cm ~Table II! is too small for field emission. It is
consistent with FEE measurements58 during the pyroelectric
effect when no emission was observed from PLZT compo
tions except in the region of the phase transition~Fig. 6!.
During polarization switching,DPs of PLZT is very large
(DPs56831026 mC/cm2!. According to the estimates th
field Ed out for the 1-mm-thick sample may be as high
Ed out53.23107 V/cm. A comparison between a TGS cry
tal ~Table II! and PLZT ceramics shows that there is
noticeable difference in the fieldEd out induced by polariza-
tion switching of the PLZT and TGS samples with a thic
nessdcr51 mm. Despite much higher spontaneous polari
tion of the PLZT ceramics, its extremely large dielect
permittivity suppresses the fieldEd out @Eq. ~14!# needed for
FEE generation. FEE from PLZT was excited by polarizat
switching in a 50 Hz sinusoidal field.68 The experimental
setup used was a conventional plane geometry with an e
tron detector mounted in the vicinity of the uncoated fer
electric surface. The observed electron emission current f
PLZT ceramics was very weak.

In the case of ferroelectric PLZT thin films, reducing th
ferroelectric sample thickness to 1mm leads to a strong de
crease of the fieldEd out responsible for FEE. It is two to
three orders of magnitudes less than that which may
achieved for crystals 1 mm thick under identical experim
tal conditions~Table II!. Obviously, the estimated field va
ues of 103– 105 V/cm are not enough to generate field ele
tron emission, especially of strong electron emission curre
reaching 100 A/cm2. It can be concluded that generation
the FEE current from ferroelectric thin films is highly pro
lematic because of the pronounced ‘‘size’’ effect. The on
explicit physical reason is as follows: The FEE effect is ge
erated by the electrostatic field outside the charged ferroe
tric capacitor. The thinner the ferroelectric sample along
polar axis, the smaller the field that ejects electrons int
vacuum from a negatively charged surface. The additio
effect for PLZT ferroelectric thin films that leads to a d
crease of the fieldEd out is caused by its high dielectric pe
mittivity.

To the best of our knowledge the experimental studies
FEE from ferroelectric thin films are very limited. We hav
found only four papers where the FEE effect was stud
from ferroelectric thin films@Asanoet al.,74 Auciello et al.,75

Averty et al.,13 and Sviridovet al.76#. In the experimental
setup used in the papers referred to previously, a patte
electrode was deposited on the ferroelectric polar surface
polarization switching, as was also done for strong ferroe
tric cathodes.6,7 It will be shown in the second part of th
review devoted to ferroelectric cathodes that this setup d
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
T
d

r

i-

-

n

c-
-
m

e
-

-
ts

-
c-
e
a
al

f

d

ed
or
c-

s-

tically changes the distribution of the applied electric fie
and leads, as a result, to other physical processes, suc
surface flashover plasma generation.

D. Electron energy distribution

A high electron energyWe55 keV was observed by
Rosenblumet al.1 during FEE from LiNbO3. These data
were later confirmed for TGS by Sujak and Syslo,49 who
observed electron energies up toWe5130 keV, and by
Rosenmanet al.77 for LiTaO3 ~up to We5100 keV!. Figure
12 shows that the electrons emitted from a ferroelectric cr
tal are accelerated by the fieldEd out and the electron energ
is determined by a ferroelectric surface potentialwcr , Two
charged capacitors, the ferroelectric crystalCcr , and the ca-
pacitor Cgap, formed by two plates, the input plate of th
electron detector and the upper surface of the sample,
connected in parallel~Fig. 12!. The potential of the system
wcr of the two capacitors may be written as

wcr5
DPs

Ccr1Cgap
. ~15!

Obviously, the changes of the crystal thicknessdcr or the
vacuum gapdgap between the input plate of the electron d
tector and the upper surface of the ferroelectric sample ca
variation of theCcr and Cgap, Equation~15! shows that it
should lead to potential variationwcr and, therefore, it should
change the measured electron energyWe .

Detail analysis and calculations of the surface poten
wcr were implemented in the work by Rosenman78 where the
problem was solved using the principle of superposition
electrostatic fields. The calculated data were in a good ag
ment with the experimental results obtained for LiTaO3,
where FEE was excited by the pyroelectric effect. The el
tron energy was changed smoothly fromWe5120 keV down
to 600 eV by varying the gapdgap from 3 cm to 10mm. The
same effect of the electron energy alteration was obser
when the ferroelectric sample thickness was varied, wh
the vacuum gap was kept constant.78

E. Transient character of FEE

The fields distribution~Fig. 12! shows that generation o
the uncompensated chargesDPs and electrostatic fields
Ed in , Edl , and Ed out leads to three induced by the fiel
Ed in , Jb5scr Ed in . The second currentJl is a conductive
current in the dielectric layer of the surfaceJl5s1 Edl . The
third current is the FEE currentJem. Figure 12 distinctly
shows that the fieldEd in , on the one hand, and fieldsEdl and
Ed out, on the other hand, are of opposite directions. As
result the generated pyroelectric effect or polarizat
switching chargeDPs causes two screening currents:Jin in
the crystal bulk andJem into the vacuum. Both currents caus
a decreasing generated uncompensated chargeDPs and lead
to sample neutrality. Finally we may write thatDPs5Qb

1Qem or

DPS5E
0

t

Jin dt1E
0

t

Jemdt. ~16!
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The most convenient way to observe a contribution
the FEE current in screening process and to prove its t
sient property is to use a low conductive ferroelectric and
generate high densityDPs for a short time to limit the
screening process into the ferroelectric crystal bulk.79 The
FEE depletion effect was obtained during polarizati
switching of Gd2~MoO4!3. Weakening the FEE image ind
cates that screening ofDPs occurred during 1022 s, which is
four orders of magnitude lower than the dielectric relaxat
time in this crystal.37 It proves that the FEE emitted charg
contributes significantly to polarization screening.

F. Tunneling mechanism of FEE

Numerous studies of the ‘‘weak’’ FEE effect allowed
proposal for the only mechanism for this phenomenon. T
effect was interpreted as field electron emission by all gro
participating in the studies. Figure 12 shows an electron
ergy diagram. At the equilibrium state, when spontane
polarization is compensated by the screening charges (DPs

50), an electron is in a potential wellU0(Z) ~Fig. 12!. The
uncompensated chargesDPs , generated at the polar faces b
the pyroelectric or piezoelectric effect, leads to stro
changes of the potential energy of the electrons. A cu
Ud(Z) ~Fig. 12! depicts a schematic distribution of the p
tential of the induced depolarization field. As a result, t
electron energyU(Z) may be written as follows:

U~Z!5U01Ud~Z!. ~17!

The schematic presentation ofU(Z) results in definite
conclusions concerning the electron emission fr
ferroelectrics.72

Two optional mechanisms of FEE from a charged fer
electric surface may be considered~marked by the arrows in
Fig. 12!. The first one is an overbarrier effect when the ele
tron energy inside a crystal lattice exceeds the work func
Wel in.A. The presented picture of the electrostatic fie
distribution shows that the fieldEdl moves the electrons to
the boundary between the crystal and the vacuum. The in
energy of the electrons may be increased in this field beca
of the acceleration in the lattice. One should take into
count the fact that acceleration of electrons may occur al
the mean free path. Ferroelectric crystals possess very
electron–phonon coupling,22 which was confirmed by esti
mating that the coefficient of the electron–phonon inter
tion in the ferroelectrics, LiTaO3 and LiNbO3,

77 is as high as
a511. It enables the choice of the value of the mean f
path to be equal to the lattice constant'1028 cm. The elec-
tron energyWel in5Edl3 l ~the magnitude of the field is
given in Table II!; for its maximum value~polarization
switching! Edl56.73105 V/cm. Therefore, one can ge
Wel in56.731023 eV. The data from the measurements
the electronic work function for LiNbO3 showed30 that its
electron affinity isx50.25 eV, which is three orders of mag
nitudes higher thanWel in . Therefore overbarrier electro
emission is unlikely to occur.

The second option, which may be considered for FEE
a tunneling effect. The model presented in the work includ
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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two steps for FEE. The first step is an electron current flo
ing in the dielectric layer toward the surface

JFEE l5sEdl . ~18!

The second step is tunneling emission into the vacuum

JFEE5JFEE lD~Ed out!, ~19!

whereD(Ed out) is the penetrability of the electrons throug
the potential barrier. The estimations were performed72 using
the known expression:

D~Ed out!5expH 2
6.833107

Ed out
~c2Wx0

!1.5q

3F3.7931024Ed out
0.5

c2Wx0

2S « l21

« l11D 0.5G J . ~20!

The following groups of electrons were considered
verifying the model: free electrons which are in the region
surface band bending, electrons which are in a polaron b
and electrons which are localized on surface states. The
centration of free electrons is negligibly small for the co
sidered ferroelectrics which possess a wide energy g
which for LiNbO3 is as large asEg53.9 eV. The second
group of electrons, which may contribute to FEE are el
trons localized on surface states. Negatively charged ac
tors ~occupied by electrons! screen the positive end of th
spontaneous polarization. The donors occupied by elect
are neutral. The negative end ofPs is screened by positive
charges of ionized donors. Therefore, the concentration
electrons available for electron emission into vacuum is v
different for theZ1 and Z2 faces. However, experimenta
measurements of FEE from these faces demonstrated e
FEE currents. A good agreement with experimental res
for pyroelectrically induced FEE current was achieved wh
the penetrability of the barrier was estimated for electro
occupying the polaron band.72 It should be noted that the
developed theoretical model of FEE from surface states5 suc-
cessfully described the experimental results observed f
TGS crystals in the region of the phase transition.

All the above-mentioned models of weak FEE we
based on a concept of the field emission induced by
pyroelectric effect or polarization switching. The field cau
ing FEE was a macroscopic electrostatic field. A strong
fluence of local microscopic fields near polar faces was
cently observed by Kugel and Rosenman.80 Bidomain~head-
to-head! configuration of Ti-induffused LiNbO3 was studied.
A thin crystal layer possessing inverted spontaneous po
ization totally suppressed the FEE current induced by
pyroelectric field. A fabricated layer 13mm thick could not
affect the macroscopic pyroelectric field of the 1-mm-thi
sample. A model of electrons localized in quantum wells
the surface50 showed a definite discrepancy with the expe
mental results. A correction was made by assuming that e
trons are localized in the exterior surface polaron sta
where the additional barrier is influenced by a local posit
pyroelectric potential created by inverted spontane
polarization.80
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IX. CLASSIC AND FERROELECTRIC ELECTRON
EMISSION

The review of the published experimental results allo
a comparison of classic types of electron emission from
ids with FEE. All known electron emissions are based
either exciting electrons in solids by increasing their kine
energy, or changing the penetrability of the potential bar
near the surface. Electron emission from ferroelectrics~FEE!
is quite different as it does not need an external field or li
irradiation. Electron emission occurs from ferroelectric cry
tal surfaces normal to the axis of spontaneous polarization
using ‘‘plane-to-plane’’ setup in contrast to classic fie
emitters utilizing ‘‘point-to-plane’’ geometry. FEE take
place in the ferroelectric phase only. It is excited by unco
ventional methods such as polarization inversion or mech
cal stress~piezoelectric effect!. The energy of emitted elec
trons may reach a huge value of 100 keV without a
external accelerating voltage.

FEE arises due to the ability of ferroelectrics to gener
electrostatic charges on their polar faces. The density
these charges is high enough to cause field emission fro
ferroelectric by means of electron tunneling. FEE represe
the electron current into vacuum screening uncompens
polarization charges. It should be emphasized that this t
of emission occurs because of the deviation of spontane
polarization from its equilibrium state. Thus, in comparis
with well-known classic types of electron emission, FEE o
curs due to changes in a crystal lattice of a ferroelectric. T
fact, and unusual methods of electron emission genera
make FEE a new type of electron emission from solids.

PART B: STRONG ELECTRON EMISSION FROM
FERROELECTRICS

I. ANALYSIS OF DATA ON STRONG ELECTRON
EMISSION FROM FERROELECTRICS

The data reviewed in the previous part, devoted to
FEE effect, showed that electrons are emitted from a char
ferroelectric surface due to pyroelectric, piezoelectric, or
larization switching effects. The observed electron curren
a field emission current screening generated charges of fe
electric origin. The FEE current measured by using elect
multipliers is really weak, and is as small a
1027– 10210A/cm2.

Numerous publications starting from 1989, report
electron emission from ferroelectric ceramics with a ve
high current density of 102– 105 A/cm2. A huge divergence
in the electron currents from the same ferroelectric materi
reaching 9–12 orders of magnitude, is a good reason
assuming a basic difference between these two sorts of e
tron emission.

We would like to call the reader’s attention to the fa
that the experimental setup~electrode configuration! used in
studies of strong FEE was quite different from that used
the weak emission. Weak FEE exploited plane-to-plane
ometry ~Part A!. In experiments with polarization inversion
an electron detector serving as a switching electrode
mounted parallel to the polar surface of a ferroelectric cr
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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tal. This electrode induced only a normal component of
applied electric field needed for polarization reversal.

Strong emission was excited by all researchers usin
patterned electrode~strip, grid, or ring! deposited on the po
lar ferroelectric surface. This type of electrode induces
only the normal component, but also a tangential compon
of the applied electric field, which may cause a drama
effect of accelerating the emitting electrons along the fer
electric surface, followed by surface flashover-plasma g
eration. A second important peculiarity of the patterned el
trode is that the polarization switching effect occurs bel
the electrode, whilst the electron emission arises from
uncovered part of the surface where polarization inversio
problematic.

Strong FEE is generated in different phase states
ferroelectric ceramics~ferroelectric, antiferroelectric, rel
axor, and paraelectric! subjected to an external electric field
As a result, diverse field-produced effects of different orig
may induce the electron emission. One can assume that
tron emission parameters~current density, delay time, puls
duration, etc.! should be different and this may be reveal
by a thorough analysis of numerous experimental results

In Part B, Sec. I detailed data on experimental techniq
calculations of the electric field distribution in ferroelectri
with patterned electrode, results and models for strong F
are presented. Specific stress is given to the material sci
aspect, the physics of polarization switching, and fie
enforced phase transitions.

FIG. 13. A typical experimental setup for electron emission generation~see
Refs. 8 and 74, and other papers!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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A. Experimental technique

1. Electrode configuration and electrode materials

For studying strong electron emission from ferroelectr
almost all researchers used an experimental setup simil
that shown schematically in Fig. 13~the schematic drawing
is based on Gundelet al.,8 Asanoet al.,74 and other papers!.
The above-mentioned experiments were conducted u
various vacuum conditions: from a vacuum of 1027 Torr11 to
the pressure as high as 0.1 Torr.74 Two quite different kinds
of electrodes were applied to the ferroelectric samples
solid electrode is deposited on the back of disk-shaped~typi-
cally about 1-mm-thick and 1-cm-diam! ceramic samples. A
patterned electrode of different shapes~grid, strip, or ring!
was used as a top electrode applied to the emitting surfac
patterned electrode consisting of interconnected metal s
200 mm wide, that were separated by bare strips of eq
width, was employed by Gundelet al.,81 Ivers et al.,9 and
Asanoet al.74 This electrode configuration became a ‘‘sta
dard’’ for further studies. Some authors used a metal g
mechanically pressed to the front~emitting! surface of the
sample~see Cavazoset al.,12 Sampayanet al.,11 Airapetov
et al.,15 Shur et al.,82,83 Rosenman et al.84!. Sampayan
et al.11 studied ceramic samples with a grid electrode in
form of a square mesh composed of 0.025-mm-diam tu
sten wires spaced 0.75 mm on the centers. The standard
electrode configuration was also used by Airapetovet al.,15

Zhang and Huebner,85 and Shannonet al.86 A copper fine
grid ~4 mm wire diameter, 16mm period! was employed in
studies by Shuret al.82 and Rosenmanet al.84 Averty et al.13

used a patterned electrode with typical dimensions of sev
hundreds ofmm. In some experiments a set of interconnec
strips or a ring electrode was glued to the sample surface
conductive silver paint.16,87,88 In a study by Shuret al.,16 a
ring metal electrode~the external diameter, internal diamete
and thickness of the ring were 6, 3.4, and 0.2 mm, resp
tively! was mounted on the emitting~front! surface of PLZT
12/65/35 ceramic samples by silver paint. Boscoloet al.89

proposed a front electrode consisting of a pattern of unc
nected patches contained within a ring as one way of
proving emission stability.

Different metals including Cu, W, Au, Ag, Pt, Al wer
deposited in order to form the above-mentioned patter
grid electrode. Various deposition techniques, such as ev
ration ~Gundelet al.,81 Asanoet al.,74 Shannonet al.86!, ion
beam sputtering~Auciello et al.75!, photochemical etching
~Jianget al.10!, and screen printing~Zhang and Huebner85!
were employed. The electrodes issue was considered in
tail by Riegeet al.,18 who used 1- to 2-mm-thick Au elec-
trodes evaporated on top of a previously evaporated Cr la
~100 Å thick! as a successful technique for producing el
trodes.

2. Triggering modes

Conventionally, the trigger voltage for inducing electro
emission was supplied to a ferroelectric sample by a h
voltage pulse generator. Fast rising~rise time within the
range 1028– 1027 s! trigger voltage pulses~the typical am-
plitude is 1–8 kV for 1-mm-thick samples, that implies th
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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electric field of several tens of kV/cm! were applied across
the sample. Trigger voltage pulse duration usually var
within the range~0.1–1! ms. The anode~or collector! was
maintained at a positive potential~pulsed or constant! with
respect to the cathode by a separate anode circuit in ord
accelerate the emitted electrons. The accelerating anode~col-
lector! voltage varied within a wide range of amplitude va
ues up to 250 kV. Some researchers measured conside
electron emission with no accelerating voltage applied~Gun-
del et al.,81 Benedeket al.,90 Shannonet al.,86 Asanoet al.,74

Shuret al.,91 Rosenmanet al.84!.
The trigger voltage~either positive or negative! was ap-

plied to the rear electrode with the front~emitting! electrode
grounded in a majority of the previous studies.9–11,81,92In a
few studies,12,90the trigger voltage was also applied to a gr
~front, emitting! electrode of the sample. A comparative e
perimental study of different modes of the trigger volta
application was conducted by Shuret al.91 with ceramics
PLZT 12/65/35. It was found that the best values of para
eters for ferroelectric cathodes, such as the energy spec
of the electron beam, total electron current, and pervea
are achieved when a negative triggering pulsed voltag
applied to the front patterned electrode. Also, in experime
by Krasiket al.87 and by Dunaevskyet al.88 different modes
of applying the trigger voltage~of either positive or negative
polarity! were studied for differently poled ceramic sample

Gundelet al.93,94,81used monopolar negative trigger H
pulses applied to the rear~solid! electrode of the prepoled
ceramic samples~PLZT 2/95/5 and PLZT X/65/35 withX
57,8,9,10!. The grid electrode was grounded. A puls
power technique was used to generate fast rising high v
age pulses inducing the electron emission. For instan
Gundelet al.81 used an electrical circuit consisting of four
nF capacitors linked to the ceramic sample via separate
transistor switches. This circuit allowed the authors to co
trol the rise time of the pulses. A high repetition rate ope
tion was achieved by applying high voltage pulse bursts
up to 50 pulses to the samples. A Faraday cup with a gra
ite collector was used to measure emission current.

In experimental studies by Iverset al.9 and Flechtner
et al.,95 positive HV pulses with the electric field in the rang
of ~10–20! kV/cm were applied to the rear surface of th
ferroelectric PZT ceramic sample. The high voltage pul
were applied to the sample by a krytron switch through a
V impedance transmission line. A planar graphite anode
cated several millimeters from the emission surface w
used. The anode~collector! was maintained at a positive po
tential with respect to the cathode by a transmission l
charged up to 500 V.

Benedek et al.90,96 used the Pierce design for th
cathode-anode electrodes with un-prepoled PLZT 4/95
PLZT 8/65/35, and PZTN. The measurements were p
formed with a positive trigger pulse~HV trigger pulse! ap-
plied to the rear electrode~nonemitting, solid one!, or a
negative trigger pulse applied to the front electrode~emit-
ting, patterned one!. In the former case an accelerating vo
age at the anode was used, while in the latter case the tri
voltage accelerated the electrons.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Pleyberet al.92 used a 50 Hz ac electric field to induc
the emission from PLZT 9.4/65/35. A high current dens
emission current was measured with a Faraday cup, w
weak electron emission was measured with an electron c
nel multiplier and a pulse counting system. Almost the sa
experimental setup was used by Okuyamaet al.14 with pre-
poled PZT ceramic samples. To induce polarization rever
double~bipolar! pulses were used that consisted of a ne
tive pulse of 10ms duration following a positive pulse of 1
ms applied to the rear electrode.

Jianget al.10 used an electron gun geometry origina
designed for a thermionic cathode. They kept the same e
trode geometry, but replaced the thermionic cathode wit
ferroelectric one in order to compare basic parameters of
cathodes.

Bipolar trigger voltage pulses74 or monopolar voltage
pulses causing an electric field direction opposite to tha
the spontaneous polarization vector17 were used to induce th
polarization reversal. It is interesting to note that Asanoet al.
74 studied thin PZT ceramic~30–45mm thick! samples with-
out prepoling, while Miyakeet al.17 investigated the sample
of 190 mm thick with and without prepoling.

Sampayan et al.11 used the trigger voltage pulse
coupled to the rear electrode of the ferroelectric cathod
High accelerating anode–cathode voltages up to 60 kV w
applied. Cavazoset al.12 used a bias voltage~according to
the authors this voltage induces a preset dipole moment! ap-
plied to the grid electrode, together with the pulsed trigg
voltage by use of a coupling capacitor.

3. Measured and controlled parameters

Several basic parameters were controlled in the abo
mentioned experiments. The electron emission current
usually measured by a plane collector9,74 or the Faraday
cup.81,91,88Shuret al.16 and Shannonet al.86 used a grid col-
lector which allowed the emitting surface to be viewed a
photographed. The emitted electron charge was controlle
the use ofRC integrating circuit.81,90

Several authors measured a current in the sam
circuit,9,96,17,88which may be a switching current in the ca
of a true ferroelectric material if the direction of the elect
field applied allows polarization reversal. Polarization rev
sal was continuously monitored by a hysteresis loop
switching current measurements in the studies by S
et al.82,83 and Rosenmanet al.84

Electron energies were measured by the retarding po
tial method81,95,91 or CMA of the Auger electron
spectrometer.75 The study of electron energy spectra in d
ferent triggering modes was conducted by Shuret al.91

The ion current component was measured by use o
negatively biased collimated Faraday cup.91,83,84,88Recently,
energy spectra of emitted charged particles~both electrons
and ions! were investigated by use of a temporally and s
tially resolving electrostatic spectrometer.97,21 Basic param-
eters of the plasma created on the ferroelectric surface,
as plasma electron density and plasma electron tempera
were studied by single and double floating probes~Dunae-
vsky et al.88!. The authors88 also studied parameters of ne
tral flow generated during the electron emission by use o
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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array of fast Penning probes. Visible light emission ascrib
to the surface plasma formation was recorded by a fast fra
camera 4QUICK05A, with a frame exposure of 5–10 ns87

Dunaevskyet al.97 also studied uniformity of the extracte
electron beam as a temporally resolved soft x-ray image
the anode and spatial potential distribution inside the ano
cathode gap. A radial distribution of the extracted electr
beam was measured by an array of collimated Fara
cups.97

B. Materials and phase diagram
1. Brief survey of materials studied

As one could see in the previous paragraph, PZT~lead
zirconate titanate! and PLZT~lead lanthanum zirconate titan
ate! ceramics of different compositions were widely used
ferroelectric cathodes. Comprehensive reviews
PZT@Pb~Zr, Ti!O3] and PLZT@~Pb, La!~Zr, Ti!O3] ceramic
materials, used in most of the above referred ferroelec
cathode studies, can be found elsewhere.98–100

The room temperature phase diagram99 of the PLZT sys-
tem is shown in Fig. 14. PLZT ofX/65/35 composition,
whereX is the atom percent of La and 65/35 is the ratio
PbZrO3 to PbTiO3, was typically used~Fig. 14!. For X<8
PLZT X/65/35 is a ferroelectric composition at room tem
perature~Fig. 14!. If X>8, theX/65/35 composition is non-
ferroelectric ~relaxor!, and cubic in its virgin state99 ~Fig.
14!.

A variety of PLZT compositions, including relaxor com
positions 9/65/35, 9.4/65/35, and 10/65/35, antiferroelec
composition 2/95/5, as well as ferroelectric compositio
7/65/35, 8/65/35~Fig. 14! were used in the ferroelectric cath
ode studies referred to previously. It is worth noting th
relaxor and antiferroelectric materials do not possess a m
roscopic spontaneous polarization. These materials, dem
strating good electron emission characteristics, may exh
macroscopic polarization only, being subjected to a high
ternal electric field.99 Furthermore, strong electron emissio
was also observed from the PLZT 12/65/35 ceramic com
sition related to the paraelectric phase.16 It should be noted
that all used ceramic compositions~PZT and PLZT! possess
a very high relative dielectric permittivity («
>2000– 3000). The ferroelectric compositions have spon
neous polarization of tens ofmC/cm2.99

FIG. 14. A room temperature phase diagram of the PLZT system.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Some experiments were conducted with TGS~triglycine
sulfate! ferroelectric single crystals.101,13,82,84The ‘‘model’’
TGS crystal, which is among the most investigat
ferroelectrics,102,103 can be switched easily in electric field
as low as several hundreds of V/cm~430 V/cm is a typical
coercive field at room temperature!. The most important
properties of the TGS ferroelectric crystals is a low~in 50–
100 times compared to PZT and PLZT ceramics! dielectric
permittivity «530 along the polar axis and an easily achie
able Curie temperatureTc549 °C. Spontaneous polarizatio
of the TGS crystals isPs52.8mC/cm2, which is about one
order of magnitude lower than typical values for PZT a
PLZT ceramics.

2. Materials science aspects

Thus, various PZT and PLZT ceramic compositions us
for development of ferroelectric cathodes are related to
ferent phase states~Fig. 14!. Application of a high electric
field to a ceramic sample may cause diverse field-indu
phenomena, such as reversal of spontaneous polarizationPs ,
field-enforced phase transition, or conventional dielectric
larization. The observed effects in the studied ferroelec
ceramics depend on their original phase state, which in
is determined by the ceramics composition. It should be e
phasized that physical properties of the considered PLZT
PZT ceramics were intensively studied for development o
new generation of electro-optic,104–106 piezoelectric, and
electrostrictive devices.107

Analysis of the published papers shows that ferroelec
emission was investigated from almost all known pha
states in PLZT ceramics. According to the phase diagr
presented in the Fig. 14, the investigated ceramic comp
tions are related to four phase states: ferroelectric rhomb
dral, relaxor, antiferroelectric, and paraelectric phase. Le
recount peculiarities of field-induced effects in these ph
states.

~1! The ferroelectric phase possesses stable macrosc
spontaneous polarizationPs without any external electric
field. The main feature of this state is the possibility to
orient the direction ofPs by applying an external electri
field. In the ferroelectric phase, the reversal of spontane
polarization occurs when several experimental conditions
satisfied.

~a! The direction of the applied fieldEsw should be op-
posite to the direction of the polar axisPs . In order to
achieve polarization reversal, a normal electric field com
nent between the rear and front electrodes is required, th
ideally realized with two continuous metal electrodes. It w
be shown in this review later that patterned electrode de
sition drastically changes electric field distribution within t
sample and, as a result, the polarization reversal kine
Unipolar voltage pulses may cause only a onefold reversa
Ps . Any periodic regime of the electron emission in th
reversal mode needs bipolar high voltage pulses for the
riodic reversal of spontaneous polarization.

~b! The fieldEsw should exceed a definite threshold fie
which is called the coercive fieldEc . The field Ec varies
within a wide range depending on the composition and te
perature of a material. For ferroelectric ceramics PL
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X/65/35 (X56,7,8) related to the ferroelectric rhombohed
phase, the coercive fieldEc is about 6.8–13 kV/cm atT
5300 K,98 which implies the application of 1–2 kV voltag
stress to 1-mm-thick samples.

~c! A complete reversal ofPs is performed under the
definite conditiontdur>tsw, wheretdur is the duration of the
applied voltage pulse, andtsw is the polarization switching
time.108 Ferroelectric polarization switching can be cons
ered as a phase transition of the first order.64,109The applied
electric field causes displacement of ions or polar group
the ferroelectric crystal matrix along a specific crystal
graphic direction that is a polar axis. This field-induced
fect represents a three-stage process consisting of nucle
of domains with opposite polarity, domain propagation in
the crystal bulk, and subsequent sideways domain wall m
tion. The switching timetsw strongly depends on the value o
applied field which also determines the polarization rever
stage limiting the switching time~either by the domain
nucleation rate or the domain wall velocity!. For instance, in
weak electric fields the forward growth velocity of needleli
domains limits the switching time. In a recently publish
review110 on ferroelectric thin films, the switching kinetic
was considered in detail. The presented experimental dat
switching time (tsw) in ferroelectric PZT thin films
demonstrate110 tsw within the range of tens of nanosecon
~20–40 ns! for applied electric fields as high as~200–1200!
kV/cm. These fields are 10–100 times higher than those u
for excitation of ferroelectric cathodes. This allows one
classify the field applied to ferroelectric cathodes as weak
intermediate fields from a polarization reversal viewpoint.
this case, the minimal switching time, which may b
achieved, is roughly determined as the sample thickness
vided by the velocity of sound. It should be noted that ev
in the higher switching fields used, for instance, with ferr
electric thin films, supersonic domain wall velocity remains
problematic issue. Therefore, the polarization switching ti
tsw of ferroelectrics should be limited by the sound veloci
which is of the order of 105 cm/s for PZT ceramics.111 One
can roughly estimate that for conventionally used ferroel
tric samples 1 mm thick the switching time cannot be sho
than 1 ms. In the case of short voltage pulses withtdur

,tsw a partial polarization switching occurs.108 The ferro-
electric sample demonstrates two stages of polarization
versal: direct conventional switching ofPs and backreversa
to the initial polarization state. In this mode (tdur,tsw) the
ferroelectric cathode may be driven by unipolar pulses w
limited repetition rate which is determined by the duration
the direct and backreversal switching process also occur
on a microsecond time scale.

~d! Complete polarization reversal occurs when t
switched polarization chargeDr52Ps is totally compen-
sated by charges supplied by the switching current via
external circuit.109 It is known that polarization inversion is
strongly influenced by electrical properties of the interfa
Early studies of polarization switching in BaTiO3 ~Refs. 112
and 113! demonstrated that the sidewise motion velocity
domain walls, measured with crystals having metal el
trodes, is several orders of magnitude less than that found
the same switching field with liquid LiCl electrodes. A
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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asymmetric switching current was obtained by Kugel in TG
crystals when they were inverted through the gap betw
the switching electrode and the polar surface of
ferroelectric.114 The effect of nonidentical electrodes wa
studied by Wurfel in Refs. 115 and 116 where one of
polar surfaces of TGS crystals was coated by then-type Si
electrode. Dielectric hysteresis loops, showing polarizat
switching in an alternative electric field, were greatly d
torted because of the unipolar conductivity of the semic
ductor properties of the Si switching electrode. Studies
polarization switching in different ferroelectrics that used t
method of nematic liquid crystals~see Ref. 117!, led to the
conclusion that the switching time is defined by the cond
tivity of the liquid crystal which was inserted between t
metal electrode and the ferroelectric surface. Detailed stu
of the influence of the interface conditions implemented
TGS crystals118 showed that a thin 1mm dielectric film be-
tween the switching electrode and the polar ferroelectric f
totally suppresses the polarization switching process.

The problem of polarization switching is especially im
portant for ferroelectric cathodes. The experimental se
which is used for the cathodes~Fig. 13!, shows that polar-
ization inversion occurs with a deposited patterned m
electrode. However the electron emission is generated f
the uncoated polar surface~Fig. 13! where the mechanism o
compensation of the depolarization field is not clear at
This results in the fact that polarization switching in th
region is considered to be very problematic.

~2! The relaxor phase~Fig. 14! has a macroscopic sym
metry of the paraelectric nonpolar cubic phase with z
macroscopic spontaneous polarizationPs . Extremely high
dispersion of the dielectric permittivity within an extreme
wide temperature range allowed one to assume the exist
of microscopic spontaneously polarized regions~domains! of
nanometer size dimensions. The PLZT relaxor mater
have nearly nonhysteretic polarization as a function of
electric field. A comprehensive review of relaxor PLZT a
other relaxor ceramic compositions was published
Cross.119 Application of a high electric fieldEsw leads to a
field-enforced phase transition from a macroscopically n
polar relaxor phase to a ferroelectric phase state~tetragonal
or rhombohedral symmetry! possessing macroscopic pola
ization. Field-induced phase transitions in these comp
tions was widely studied by Haertling and Land,98 and
Lang,120 who proposed diverse electro-optic gates and sh
ters based on electrically controlled birefringence. Accord
to the experimental data observed, the applied electric fi
needed for on/off optical switching, based on the phase t
sition relaxor–ferroelectric for these PLZT composition
varied in the interval ofEsw510– 30 kV/cm. Switching
times required for an on/off transition of the PLZT 10/65/
ceramic sample 0.25 mm thick was as long as 10ms.121

Studies of PLZT 9.4/65/35, motivated by the application
flashblindless goggles,106 also demonstrated a microseco
range time of the transition for a glasslike state to a mac
scopic ferroelectric ordering under an electric field of 33
kV/cm. It should be noted that ferroelectric cathodes ba
on relaxor materials may be operated in a repetitive mode
application of a monopolar switching field.
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~3! The antiferroelectric phase~Fig. 14! also does not
possess macroscopic polarization. The applied high volt
stress induces a field-enforced phase transition to the fe
electric phase. Upon inversion into the antiferroelectric ph
a poled ferroelectric ceramic releases all polarization char
and therefore can supply a great amount of energy. Thoro
studies of this type of phase transition in pulsed switch
fields were performed by Panet al.122 for ferroelectric ce-
ramics (Pb0.97La0.02!~Sn, Ti, Zr!O3. The measured switching
current via deposited metal electrodes from a sample
30.4 mm was as high as 5 A in an electric field of 32.5
kV/cm. The phase transition from the antiferroelectric to t
ferroelectric phase was not abrupt. The switching time
samples 0.15–0.3 mm thick was within the range 1–2ms
under the field of 30 kV/cm.122 Parket al.123 observed a very
important phenomenon of the irreversibility of the fiel
enforced phase transition. When a sample of PLZTS cera
was exposed enough to the electric field for inducing
AFE-FE transition, the ceramic did not return to its virg
state. The effect of the irreversibility was confirmed in
recent study by Pokharel and Pandey.124

This transition from the antiferroelectric to the ferroele
tric phase was thoroughly studied and proposed for use
digital displacement transducers.125 The response time fo
the antiferroelectric–ferroelectric phase transition induced
the electric field was as high as 100 ms.126 In these experi-
ments the sample returned to the initial state when the fi
was switched off. Thus ferroelectric cathodes based on
antiferroelectric–ferroelectric field-induced transition m
be operated in the repetitive mode by monopolar switch
fields, as well as in the case of the relaxor materials.

~4! Paraelectric phase compositions~Fig. 14! have a cen-
trosymmetric cubic structure which does not permit a
spontaneous polarization. A ferroelectric state cannot be
duced by an electric field, as it occurs in relaxor or antif
roelectric phase compositions. The only field-induced eff
in this phase is a dielectric polarization occurring in all d
electrics. The described ceramics are related to ionic me
Therefore, the electric field application causes an ionic
larization. The response time of the ionic polarization is ve
short, being determined by the frequency of ionic oscillatio
(1013Hz). Ceramic cathodes based on paraelectric comp
tions may be activated by monopolar voltage pulses.

As was mentioned previously, strong electron emiss
was also studied from ferroelectric TGS crystals.82,84 This
ferroelectric possesses, at room temperature, a spontan
polarization ofPs52.8mC/cm2. The ferroelectric state oc
curs in a limited temperature interval. At the temperatureT
5322 K ~Curie temperature! the TGS crystal passes th
phase transition ferroelectric–paraelectric. This crystal r
resents a very simple and comfortable model for studies
the influence of the spontaneously polarized state on elec
emission generation. The coercive field for pure TGS cr
tals is as low asEc50.5– 1 kV/cm. The switching time de
pends on the applied field, and it varies within the interv
from microseconds to milliseconds.102

Thus, the short review of various phase states of fer
electric ceramic compositions and crystals used in ferroe
tric cathodes shows that they have quite different crysta
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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graphic symmetries and physical properties. This anal
allows the estimation of important features of ferroelect
cathodes as a function of the material’s phase state.
field-enforced phase transition, such as ferroelectric dom
switching, relaxor–ferroelectric, or antiferroelectric
ferroelectric phase transition has a time response limite
the microsecond~or even millisecond! time scale. A very
short response time should be observed in the nonreve
mode for ferroelectric and paraelectric phase compositi
when conventional dielectric polarization occurs.

Basic modes of the strong electron emission from fer
electric materials should be summarized here on the bas
material science considerations. Polarization reversal m
of electron emission may be realized with materials rela
to the ferroelectric state only if all conditions stated pre
ously in item~1! are satisfied. Bipolar voltage pulses with
microsecond pulse duration are a required~but not sufficient!
condition for this mode. The field-induced phase transitio
mode may be realized with either a relaxor or an antifer
electric material, providing conditions of items~2! or ~3! are
satisfied. Field-induced transitions can be achieved by
nopolar voltage pulses, but the time characteristic rema
critical for realizing this mode. A nonreversal mode is re
ized with paraelectric material@see item~4!#. Furthermore,
this mode may be realized with any other material~ferroelec-
tric, antiferroelectric, or relaxor! when the applied voltage
pulse does not cause spontaneous polarization reversal.

One can see that a variety of ferroelectric, relaxor, a
ferroelectric, and paraelectric ceramic compositions, as w
as TGS ferroelectric crystals, were used for strong elec
emission studies. Basic parameters of the electron emis
observed will be reviewed in Part B, Sec. D~emission cur-
rent density, current pulse width, etc.! in order to understand
their dependence on the material used.

C. Electrode configuration and electric field
distribution in ferroelectric cathodes

In the majority of papers dedicated to strong electr
emission from ferroelectric ceramics~Ivers et al. ~Ref. 9!,
Jiang et al. ~Ref. 10!, Gundel et al. ~Ref. 81!, Sampayan
et al. ~Ref. 11!, Okuyamaet al. ~Ref. 14!, Riege~Ref. 127!!

FIG. 15. A schematic drawing of electric field lines in a typical setup for
investigation of strong electron emission from ferroelectrics.
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an electrode was attached to a ceramic sample, as sh
schematically in Fig. 15. The emitting polar surface of
ferroelectric was patterned with a metal grid electrode, wh
a solid metal contact was deposited on the rear side~Fig. 15!.
The schematic qualitative drawing of electric field lines
Fig. 15 tentatively shows that polarization switching, or a
field-induced phase transition, occurring due to a norm
component of the electric field, can take place under g
electrodes and, probably, in adjacent regions due to fring
fields. However, electron emission occurs from bare~without
an electrode! regions of the ferroelectric~Fig. 15!, where the
normal ~switching! field component is negligible near th
emitting surface and appears in the ferroelectric bulk only
should be stressed that weak electron emission, consid
earlier in this paper, was observed in a ‘‘plane-to-plan
geometry without the strip patterned electrode. Hence,
can assume that the specific geometry of the front electr
may be a key factor leading to the drastic emission curr
increase observed in numerous studies referred to previou
This motivates a study of electric field distribution in a typ
cal ferroelectric cathode experimental setup with a g
~strip! patterned front electrode.

Distribution of the applied electric field in ferroelectri
cathodes was also simulated by Gundel,128 who used MAFIA
~Maxwell’s equations using a finite integration algorithm!
codes. It was shown that the electric field between the st
underneath the ferroelectric’s surface is oriented paralle
the material/vacuum interface, rather than perpendicular t
Furthermore, it was found that the electric field below t
material’s surface decreases with increasing distance to
electrode stripes.128

The simulation of the static electric field distribution wa
performed later by Rosenmanet al.84 in order to study a
possibility of domain switching in the vicinity of the fre
surface, which according to the traditional interpretatio
causes the electron emission from ferroelectrics. Calculat
were done assuming the ferroelectric to be a dielectric m
dium with a dielectric constant of«51000. Calculation re-
sults presented in this chapter were obtained for typical g
metric parameters: both strip width and distance between
strips are 200mm, the thickness of the sample isd51 mm.

Simulation results are presented in Figs. 16 and 17.
applied electric fieldEa5V/d ~whereV is the potential dif-
ference applied between the electrodes! was taken as a ref
erence. The applied~reference! field Ea was of the same
order of magnitude as the coercive oneEc ~see Refs. 98 and
99! in most of the studies on the strong electron emiss
from the ferroelectrics referred to at the beginning of Part
Sec. I. TheY axis ~Fig. 16! is parallel to the spontaneou
polarizationPs . EY denotes the normal electric field comp
nent causing polarization switching ifEY.Ec (EY.Ea).
Figure 16 demonstrates that for all points within the a
confined between the planeY50 and the calculated curv
~in normalized coordinatesY/L vs X/L for L5400mm! of
the normal electric fieldEY is less than the reference valu
EA5V/d. The maximal depth of the region whereEY,Ea is
Y;0.5L5200mm at X50.5L ~Fig. 16!. Therefore, one can
conclude that polarization reversal is problematic within t
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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region where the normal electric field is less than the co
cive one.

This conclusion is confirmed by the data in Fig. 17.
this figure the normal electric field component (EY), calcu-
lated for depth valuesY510 Å andY550 Å, is plotted as a
function of a distance from the electrode edge (X–a). The
normal component of the electric fieldEY decreases drasti
cally in the vicinity of the electrode edge. For instance,
field EY becomes five times less compared to the app
field V/d at the distanceX,100 nm for 10 Å depth and a
X,200 nm for 50 Å depth.

FIG. 16. An equal value line of the normal electric fieldEY5V/d in the
normalized coordinate systemY/L vs X/L. X is the horizontal coordinate,Y
is the vertical coordinate, 2a is the strip width,L is the strip’s period,V is
the applied potential difference,d is the crystal thickness.

FIG. 17. The normal electric field,EY , as a function of the distance from
the electrode (X2a) for two different depthsY510 Å andY550 Å. The
field EY5V/d corresponds to unity on the vertical axis.
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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The following conclusions can be made on the basis
the above-mentioned simulation.

~1! Using the patterned electrode configuration in fer
electric cathodes causes drastic changes in the applied
distribution, in comparison with plane-to-plane geometry e
ploited for the generation of the weak FEE. Both normal a
tangential components are induced by the patterned e
trode. The normal field which may cause polarization switc
ing or a field enforced phase transition is negligibly small
the vicinity of the polar emitting surface uncoated by t
patterned electrode. Because of this we firmly believe t
polarization switching or a field-induced phase transiti
cannot occur in the vicinity of the ferroelectric surface b
tween patterned electrode fragments except in the reg
which is very close to the electrode.

~2! The tangential electric field component appears n
the electrode strips84,16,128in a typical ferroelectric cathode
geometry. The tangential electric field may cause accel
tion of electrons along the ferroelectric surface with sub
quent electron avalanching and surface plasma generati16

Besides, the tangential electric field component near the e
trode strips may cause 90° domain switching in PZT~PLZT!
ceramics.85 We will be able to see in the next section ho
the tangential electric field component can dramatica
change the physical nature of the phenomenon.

Meanwhile, one important aspect of the microscop
structure of ferroelectric dielectric materials should be brie
discussed. The electrons in ferroelectrics are in a pola
state due to a strong interaction between electrons and
cal phonons in these crystals.129,130The mobility of the elec-
trons in the polaron state may be as low as 1028 cm2/~V s!
indicating a hopping mechanism of the conductivity.129,131

The mean free path of the electrons is defined by a pola
radius; and, for most low conductive ferroelectrics, polaro
of a small radius~‘‘small polarons’’! contribute to the
conductivity.129 The mean free path of such polarons is
the order of a lattice constant. This implies that the electr
from a polaron band are emitted from a depth of no m
than 10–20 Å. Since electrons may be emitted from a sh
low depth ~10–20 Å! only, the switched area which ma
contribute to the electron emission is adjacent to the s
edges~see Figs. 16 and 17! and does not exceed 0.1% com
pared to the entire area without electrodes, which makes
emitting area negligible. Furthermore, if the switching pr
cess occurs in the bulk of the sample where the normal e
tric field seems to be sufficient for polarization switchin
~see Figs. 16 and 17!, it will not contribute to the electron
emission into the vacuum because of the strongly limi
free mean path.

According to the above-mentioned polaron conce
electrons can be emitted from the regions located in the
cinity of the surface of the ferroelectric only. However, o
the basis of theoretical simulations~see Figs. 16 and 17!, a
good question to ask is how polarization switching may
facilitated in the vicinity of the ferroelectric surface whe
the normal electric field is negligible. One can also ask h
the electron emission is related to polarization switching
ferroelectrics in general.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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D. Basic experimental results on strong electron
emission

Application of a triggering high voltage pulse to a ferr
electric cathode may cause a diverse field-enforced ef
depending on its phase state and mode of operation. This
of the paper reviews experimental results on the basis of
ferroelectric materials used.

1. Electron emission from materials in the
ferroelectric phase

It was shown that applying fast rising monopolar~nega-
tive polarity! high voltage pulses of several kilovolts amp
tude~tens of kV/cm in terms of the electric field strength! to
the ferroelectric PLZT 8/65/35~Refs. 6 and 8! ceramic
samples causes electron emission currents of several A2

and emitted charges of severalmC/cm2.93,94,81 The electron
current pulse width did not exceed several hundreds
ns.94,81 Numerous data showing the influence of the amp
tude, rise time, and repetition rate of high voltage pulses
the electron current and charge density emitted from fe
electrics were reported by Gundelet al.81 Gundel et al.94

also presented studies of strong electron emission from fe
electric PLZT 7/65/35 ceramics. The currents measured f
PLZT 7/65/35 ceramics were of the same order of magnit
~several A/cm2!.

Electron beam current density of up to 70 A/cm2 ~elec-
tron pulse duration about 200 ns! from PZT ferroelectric
ceramics, caused by the electric field of 10–20 kV/cm~mo-
nopolar positive voltage pulses applied to the rear electro!,
was reported by the Cornell research group@Iverset al. ~Ref.
9!, Schachteret al. ~Ref. 132!, Flechtneret al. ~Ref. 95!#.
The current was found to vary linearly with the anode vo
age and exceeded by two orders of magnitude that of
Child–Langmuir current.9

Benedeket al.90 observed electron emission when t
ceramic PLZT 8/65/35 is excited by a positive~monopolar!
trigger voltage pulse on the rear electrode and by a nega
pulse on the front~emitting! electrode~the electric field ap-
plied was of the order of tens of kV/cm also!. Emission
currents of less than 1 A/cm2 were measured without a
acceleration voltage. The positive trigger voltage pulse w
applied to the rear electrode. Strong emission currents of
of A/cm2 were observed by adding the accelerating volta
in the case of positive pulsing via the rear electrode or
pulsing the front electrode with negative trigger puls
Emission current pulse durations did not exceed several h
dreds of ns except in special cases of extremely low di
impedance,90 which should be evidence of gap closure by
plasma. Further studies of the above-mentioned PLZT fe
electric ceramic compositions by Benedeket al.96 showed a
correlation between the emitted and the polarization swit
ing current. The PLZT samples emitted only if their switc
ing current was short and messy.96 In a recent study by Bos
colo et al.89 improved stability of the strong electro
emission was achieved by use of a special form front e
trode consisting of unconnected metal patches conta
within a metal ring.

Averty et al.13 and Pleyberet al.92 observed strong elec
tron emission currents up to 10–20 A/cm2 from ferroelectric
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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PZT and TGS materials with a pulse duration of the order
hundreds of nanoseconds. The emission was stimulated
periodic bipolar voltage~mostly sinusoidal! with the emis-
sion current observed during negative voltage half-period
the rear electrode. Airapetovet al.15 observed peak emissio
current densities up to 400 A/cm2 in tens of nanosecond
time scale from the ferroelectric PSZT~lead strontium zir-
conate titanate! ceramic composition. Okuyamaet al.14 mea-
sured up to 70 A/cm2 from ferroelectric PZT ceramics unde
a bipolar switching voltage. An emission current density
up to several A/cm2 was observed by Miyakeet al.17 and by
Zhang and Huebner85 from ferroelectric PZT ceramics in th
same pulse duration time scale~up to 100–200 ns!. The
emission was stimulated by monopolar negative volta
pulses applied to the rear electrode. Miyakeet al.,17 who
studied both poled and unprepoled ceramics, found on
slight difference~a factor of 2 in peak current density! be-
tween the poled and unprepoled ceramic states.

Jianget al.10 reported emission currents up to 36 A~10
A/cm2! at an accelerating voltage of 22.5 kV in a submicr
second time scale. The ferroelectric cathode emitted a
order of magnitude higher current, compared to the ther
onic one in the same experimental setup. The measu
brightness of the electron beam was as high as
3107 A/cm2 sr21 ~at a beam current of 15 A and an extra
tion voltage of 10 kV!. Peak currents up to 150 A, on apply
ing acceleration voltages up to 60 kV, were measured
Sampayanet al.11 Both Jianget al.10 and Sampayanet al.11

used monopolar high voltage pulses for inducing the elect
emission current. The currents were above the Chi
Langmuir limit.10,11According to Sampayanet al.11 the mea-
sured electron beam brightness was>105 A/cm2 sr21, which
is two orders of magnitude lower than that measured
Jianget al.10 The electron current~tens of A/cm2! pulse du-
ration was extended to several microseconds as reported
recent paper by Flechtneret al.,95 who used monopolar posi
tive or negative high voltage pulses applied to the rear e
trode. Advaniet al.133 showed that pulsed electron curren
up to 1 kA, with a pulse width of several microseconds, c
be generated with ferroelectric cathodes. These results a
one to assume that high current pulsed electron guns b
on ferroelectric cathodes may be developed. It should
stressed that the emission current pulse extension in mo
the papers referred to previously was achieved with mono
lar trigger high voltage pulses. Obviously monopolar exci
tion can cause only onefold polarization inversion. Howev
it can induce conventional dielectric polarization.

Reversal and nonreversal modes of the emission exc
tion were studied by Shur and Rosenman83 in the ferroelec-
tric ceramics PLZT 7/65/35. In the reversal mode, with
polar voltage pulses reversing the spontaneous polariza
direction, emitting current pulses in the microsecond tim
scale were attained with relatively low applied voltag
(Vap>500 V for 0.3-mm-thick PLZT 7/65/35 samples! in
comparison with the voltage, which should be applied in
nonreversal mode (Vap>1500 V), for the electron emission
generation. The reversal of spontaneous polarization
proved by measurements of the switching current. Additio
evidence ofPs reversal was the fact that applying repetitiv
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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trigger pulses of the same polarity, with an amplitude
about 500 V, did not cause any electron emission curren

Parameters of the strong emission induced by these
ferent modes were studied. Maximal emitting current den
up to 10 A/cm2 for both modes was measured.83 However
the delay time in the reversal mode was much higher t
that in the nonreversal mode. The measurements showed
the delay time in the reversal mode was about 150 ns wh
in the nonreversal mode it was 50 ns. It should be noted
recent studies of the PZT ceramics in the nonreversal m
by Krasik and Dunaevsky88,97 allowed the observation of a
extremely short delay time reaching 5 ns.

Another attempt to separately observe reversal and n
reversal modes was undertaken for TGS crystals. Instea
short voltage pulses, the authors used a sinusioudal vol
of 50 Hz frequency withVap.100 V for 0.6-mm-thick TGS
crystals@Shur et al. ~Ref. 82!, Rosenmanet al. ~Ref. 84!#.
Such a low voltage could not cause electron emission du
a conventional dielectric polarization, and it was not o
served, either at the temperatures above the Curie poin~in
the paraelectric phase! or under monopolar trigger voltag
pulses ~amplitude uVtru<2.5 kV, pulse width 100 ns<t tr

<100ms! eliminating polarization reversal.82,134 These re-
sults will be considered in detail in the next section.

Summarizing the paragraph the following points sho
be stressed.

~a! Typical electron emission current density observ
from ceramic materials in the ferroelectric phase varied fr
several A/cm2 up to tens of A/cm2. Usually, higher currents
~up to 100 A/cm2! were observed with an accelerating vo
age applied.

~b! The triggering voltage pulse in the polarization r
versal mode may be much lower in comparison with
nonreversal mode.

~c! In the reversal mode the delay time is much long
that that in the nonreversal mode, which may be sev
nanoseconds.

2. Antiferroelectric materials

Gundel et al.6,81 also observed electron emission fro
PLZT 2/95/5 ceramics belonging to the antiferroelect
phase in experimental conditions identical to those for
ferroelectric PLZT 8/65/35. Electron emission currents of
order of several A/cm2 ~pulse duration up to several hun
dreds of nanoseconds! were induced by use of monopola
negative high voltage trigger pulses~several kV scale! ap-
plied to the rear solid electrode. However, in contrast
PLZT 8/65/35, high repetition rates of the electron emiss
current ~up to 2 MHz! have been achieved by use of th
antiferroelectric PLZT 2/95/5.81

According to Benedeket al.,90 the antiferroelectric
PLZT 4/95/5 material was much less effective than the fer
electric PLZT 8/65/35. In this case a monopolar positive tr
ger voltage was applied to the rear electrode without an
celerating voltage or a negative trigger voltage was app
to the front electrode. Only at higher temperaturesT
.130 °C the parameters of the electron emission from
PLZT 4/95/5 were improved to be comparable to those w
PLZT 8/65/35.90 In a recent paper by Boscoloet al.,89 com-
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paring two types of front electrode, basic parameters of e
tron emission from PLZT 4/95/5~emission current density
up to several A/cm2, pulse duration up to several hundreds
nanoseconds! were confirmed. In order to make PLZT 4/95
show electron emission parameters comparable to thos
PLZT 8/65/35 higher electric fields were applied to t
samples. The higher electric field was required to induce
antiferroelectric–ferroelectric phase transition.89 Further-
more, the electron emission current observed from the PL
4/95/5 possessed two peaks ascribed by Boscoloet al.89 to
the fast buildup of spontaneous polarization~the first peak!
and to the slower relaxation of spontaneous polarization~the
second peak!.

An emission current density of the order of 100 mA/cm2

was observed by Shannonet al.86 from the antiferroelectric
PLZT 2/95/5 without an accelerating voltage by applyi
bipolar voltage pulses to the rear electrode. In the ‘‘brigh
emission mode~ascribed to plasma-assisted emission! the
electron emission pulse width was as short as about 100
while in the so-called ‘‘dark’’ mode~ascribed to polarization
switching! the pulse duration approached the microseco
time scale.

3. Relaxor materials

Gundelet al.94 presented studies of strong electron em
sion from PLZT X/65/35 (X59,10) ceramic compositions
which relate to the relaxor phase. The currents measu
from PLZT X/65/35 ceramics under monopolar voltag
pulses were of the order of several A/cm2. The authors ob-
served that relaxor ceramics PLZT 9/65/35 and PLZT
65/35 emitted a much higher electron charge compared
that emitted by ferroelectric PLZT 8/65/35.94 Averty et al.13

and Benedeket al.90 observed strong electron emission cu
rents up to 10–20 A/cm2 with a pulse duration of up to
several hundreds of nanoseconds from relaxor PLZT 9
65/35 ceramic composition by applying a bipolar sinusoi
trigger voltage.

4. Paraelectric materials

A strong electron emission current up to tens of A/cm2

with a pulse duration up to hundreds of nanoseconds fr
the paraelectric PLZT 12/65/35 ceramic was observed
Shuret al.16,91under applied electric fields of 10–25 kV/cm
Electron emission was induced by either monopolar or bi
lar voltage pulses16 applied to either a rear or front~pat-
terned! electrode.91 An electron emission with a high repet
tion rate~up to 100 kHz! was demonstrated.16 In contrast, the
experimental results by Shuret al.82,134 and Rosenman
et al.84 showed that the electron emission effect from TG
crystals vanishes above the Curie point (TC549 °C) indicat-
ing that low applied voltages~>100 V for 0.5- to 1-mm-
thick TGS crystals! required for polarization reversal in TG
were insufficient to induce the emission in the paraelec
phase, as was observed in the case of PLZT 12/65/35.16 This
issue will be discussed in detail in the next section.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE III. Basic studies of strong electron emission from ferroelectric, antiferroelectric, relaxor, and
electric materials.

Phase state Composition
Selected

references

Emission
current
density

Pulse
duration

Ferroelectric PLZT 7/65/35 81, 94 Several A/cm2 Hundreds of ns
PLZT 8/65/35 90, 96
PZT ~LTZ-2! 9–11 Tens of A/cm2 Hundreds of ns
PZT 14, 95 Severalms

133 Severalms
PZT 17, 85 Several A/cm2 Hundreds of ns
PZT, TGS 13 Tens of A/cm2 Hundreds of ns

Ferroelectric PLZT 7/65/35 83 Tens of A/cm2 Severalms
PSZT 15 Hundreds of

A/cm2
Tens of ns

Antiferroelectric PLZT 2/95/5 81, 86 Several A/cm2 Hundreds of ns
84 up to 1ms

PLZT 4/95/5 90, 96 Tens of A/cm2 Hundreds of ns
Relaxor PLZT 9/65/35 94 Several A/cm2 Hundreds of ns

PLZT 10/65/35
PLZT
9.4/65/35

92 Tens of A/cm2 Hundreds of ns

Paraelectric PLZT 12/65/35 16, 91 Tens of A/cm2 Hundreds of ns
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5. Brief summary

Thus, strong electron emission was measured from fe
electric materials PZT and PLZT~7, 8!/65/35 ceramics, TGS
ferroelectric crystals, relaxor PLZT~9, 10!/65/35, paraelec-
tric PLZT 12/65/35, as well as antiferroelectric PLZT~2,
4!/95/5 ceramics. It should be stressed that for the variet
ferroelectric compositions used, some parameters of the e
tron emission observed~current density, pulse width, etc!
are comparable. Keeping in mind the importance of the m
terial aspect we can definitely state that emission cur
densities observed from ferroelectric, antiferroelectric, r
axor, and paraelectric phases are all of the same orde
magnitude. Table III summarizes the data of the mater
studied, their phase states, and the parameters of mea
electron emission current densities. One can find that,
gardless of the phase state, the measured electron emi
current density varied from units to dozens of A/cm2. Higher
currents were measured with high accelerat
voltages,15,10,11while lower currents~several A/cm2 and less
than 1 A/cm2! were observed with modest ones and witho
an accelerating voltage at all.81,90,86

Experimental results on the electron emission fro
ferroelectric thin films stand apart from the results repor
for bulk materials. For this reason they are presented s
rately in Sec. III B 5. We would like to note here that only
few studies dedicated to the subject have been publishe
date. The first publication is that of Aucielloet al.,75 who
observed electron emission from PZT thin films<1 mm
thick. Comparative studies of electron emission from fer
electric samples of different thickness~from 6 mm to 1 mm!
were conducted by Avertyet al.13 Recently, Sviridovet al.76

also observed electron emission from severalmm thick PZT
films.
 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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E. Nonplasma interpretations

Two quite different interpretations of strong electro
emission from ferroelectric materials have been propose
date. Historically, the first one is based on specific proper
of ferroelectric materials such as polarization reversal a
various field-induced phase transitions, while the second
ascribes electron emission to surface plasma formation
lowed by electron extraction from the plasma. In the ne
paragraph, the first approach, referred to also as nonpla
interpretations, will be considered.

1. Fast polarization switching and fast field-induced
phase transition

The high electron emission current densities obser
were ascribed to a fast nanosecond polarization reversa
ferroelectric domains, a fast change of a polarization stat
the ferroelectric, or a fast field-induced phase transition fr
the antiferroelectric or the relaxor state, to the ferroelec
phase of specific ceramic compositions.81,14,127,90,96,11,13,74

These interpretations, first proposed by Rosenman,3 rely on a
fast change of spontaneous polarization in order to minim
the relaxation within the material.127 It is assumed that both
the field-induced phase transition and polarization reve
may be realized on a nanosecond time scale, thereby in
ing the electron emission on the same time scale. A nega
pulse applied to the rear electrode induces polariza
switching or a phase transition and, as a result, a nega
potential at the emitting surface repulsing the electrons
achieved.127 Subsequently, a strong internal field in the su
face layer, due to a rapid change of spontaneous polariza
leads to a copious electron emission from ferroelectric
ramics into the vacuum. According to Gundel,93 the electrons
were liberated from local donor levels created by La dop
in PLZT ceramics or from a valence band. The concentrat
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of donor centers should be especially high near the sur
layer of the prepoled ceramic sample from where the e
trons are liberated during ferroelectric domain switching.94,81

Gundelet al.93,94,81 investigated both PLZT 2/95/5 an
PLZT 8/65/35 ceramics. The former composition demo
strates a phase sequence AFE–FE–PE~antiferroelectric–
ferroelectric–paraelectric! when the temperature is in
creased, while the latter shows a FE–PE~ferroelectric–
paraelectric! phase sequence.81 For both compositions the
authors assumed the coexistence of different phase trans
regions~AFE–FE and FE–PE! and high donor-center con
centration to be responsible for the electron emission p
cess. The PLZT 2/95/5 composition is in the AFE phase
room temperature. This state can be transformed to the
phase when the material is subjected to an external ele
field of several dozens of kV/cm. Gundelet al.81 proposed
that electron emission from this composition occurs due
an abrupt return of the material to the AFE phase when
electric field is switched off. This fast return of the mater
to the nonpolar state was assumed to be responsible fo
high repetition rates of the electron emission current t
were obtained from this ceramic composition.81

Twin ferroelectric domains were assumed to be resp
sible for the fast polarization reversal in PLZT 8/65/35~see
Ref. 81!. According to the authors, the fast reversal of o
half of the twin domains can explain a negligible time del
between the HV pulse rise and the electron emission. S
of the reversed domains are fixed by the internal electric fi
within the surface layer hindering the fast relaxation of t
material, as was assumed in the case of the PLZT 2/9
This allows one only low repetition rate~1 Hz! excitation for
obtaining stable electron emission from the PLZT 2/95/5
ramic composition.81

Benedeket al.90,96also used a model of fast polarizatio
switching for PLZT 8/65/35 and a fast field-induce
AFE–FE phase transition for PLZT 4/95/5. The authors
sume that the excitation field directed from the rear surf
toward the patterned surface of the sample with no acce
ating field applied causes electron emission due to polar
tion switching. The authors also assume that some elect
acquire high energies due to the Auger process.90

Benedek et al.96 assumed that relaxor properties
PLZT ceramics may be important in the strong electr
emission induced by these effects. The change of polar
tion can be extremely fast in PLZT relaxors.90 The authors
assume that the small size~of the order of 10 nm! ferroelec-
tric domains should be responsible for the fast switch
~Benedeket al., Ref. 96!.

In a recent paper Boscoloet al.89 improved the stability
of electron emission from PLZT 8/65/35 and PLZT 4/95
by use of the front electrode, due to a pattern of unconne
patches contained within a ring. The authors assumed
the pattern of disconnected metal islands allows all surf
domains to switch back and forth. Therefore, according
Boscoloet al.,89 the domains of the uncovered portion of th
surface can attract and push the electrons away from
surface.
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Sampayanet al.,11 Okuyamaet al.,14 Averty et al.,13 and
Asanoet al.,74 also agree with this model of fast polarizatio
switching.

2. Fast change of the polarization state of a
ferroelectric (experiment and model)

Ivers et al.9 from Cornell University explained their ex
perimental results by a theoretical model which assumed
surface screening charge to be injected into the vacuum
of the electron diode as the polarization state of the fer
electric changes~Schächter et al., Ref. 132!. According to
the authors, the local electric field on the ferroelectric surfa
can be as large as 43107 V/cm, which is sufficient for field
emission from either the ferroelectric or the metal g
electrode.9,132When a positive voltage pulse is applied to t
rear electrode of ferroelectric cathodes9 there is an increase
in the electron charge in the vicinity of the grid electrode d
to the field emission from the grid. The above-mention
field can cause a field emission current of the order of
A/cm2 ~Ref. 9!. Moreover, both the electric field and th
emitted current can be enhanced close to the grid edges.
authors assumed that the free electron charge is redistrib
on the ferroelectric surface by a flow of electrons in t
vacuum from the gridded~metal! regions to the bare cerami
ones, rather than by a surface flashover.9

Subsequently, electrons emitted from either the fer
electric surface or the metal grid may form an electron clo
close to the cathode surface, thereby reducing the lo
potential.9 The model supposes that the current through
diode consists of two parts: the flow into the cloud from t
ferroelectric and the flow through the remaining part of t
diode. According to the authors, the energy of the emit
electrons~for a positive voltage pulse applied to the re
electrode! are insufficient to account for the high curren
measured. However, the theoretical model proposed
Schächter et al.132 predicted electron emission currents a
linear I –V characteristics of the gap in good agreement w
the experimental results. According to the model, the dep
dence of the current on the voltage is linear rather thanV3/2

~Child–Langmuir law! with the gap resistanceRgap given
by132

Rgap[
VAN

I AN
5h

1

36

g2

A
g0

2A~g011!/~g021!, ~21!

where g and A are the vacuum gap and the diode surfa
area, respectively, andh5377V. The parameterg0 is ex-
pressed as follows132:

g0511
1

36
Q̄, Q̄[

eQgapg

«0Amc2 , ~22!

whereQgap is the total amount of charge in the gap. On t
basis of quantitative analysis, the authors concluded that
presence of an electron cloud in the gap is directly resp
sible for the linearI –V characteristics observed experime
tally. This theory virtually explains the discrepancy with th
Child–Langmuir law for diodes with ferroelectric cathode

A fast change of the polarization state of the ferroelec
was also used by Jianget al.10 to interpret their experimenta
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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results. Recently, Sviridovet al.76 introduced the so-called
dielectric electron emission which, according to the autho
opinion, may occur without polarization reversal. This inte
pretation is similar to the model of fast polarization chan
described previously.

3. Other interpretations

The model briefly described previously132 is the only
quantitative description of strong electron emission from f
roelectrics available to date. Other models~mostly qualita-
tive! of strong electron emission were proposed by Ros
man and Rez,72 Ivanchik,135 and Wanget al.136

Assuming strong electron emission to be of a solid st
origin, one can expect a huge conductivity current flowi
within the ferroelectric~dielectric! surface layer in order to
provide the copious electron current into the vacuum. Ho
ever, most of the ferroelectrics tested for emission proper
are very good insulators with a typical electric conductiv
within the range of (10214– 10210) V21 cm21. The explana-
tion was proposed by Rosenman and Rez,72 who assumed
that at high electric fields the electric conductivity in th
surface layer may be enhanced due to the Poole–Fre
effect. According to the authors’ estimation, ten orders
magnitude conductivity increase may occur in fields of
order of 107 V/cm. This drastic conductivity increase~that is
actually due to multiplication of charge carriers at high ele
tric fields! may be responsible for the high conductivity cu
rent within the surface layer, and it may lead to the h
electrons’ appearance followed by overbarrier elect
emission.72

Incomplete polarization reversal in ferroelectric mate
als was assumed to be responsible for strong electron e
sion by Airapetovet al.15 The authors argued that in hig
internal fields, caused by uncompensated charges during
polarization reversal, the bounded uncompensated ch
can be screened by intrinsic electrons and holes due to Z
breakdown. Airapetovet al.15 introduced two processes to b
responsible for strong electron emission from ferroelectr
According to the hypothesis, the first one is tunneli
through a low wedge-shaped energy barrier, which is form
due to a high external electric field and huge~comparable to
the band gap of a material! band bending inside ferroelectri
materials. This emission process causes the appearan
uncompensated positive bound charges on an emitting
face that cease the emission when their electric field is e
to the external one. In the crystal bulk the field of the u
compensated charge is antiparallel to the initial polarizat
~for a monodomain sample!, which leads to a formation o
crystalline seeds with opposite polarization direction a
subsequent ‘‘second process’’ responsible for the effect.
crystalline seeds cannot grow through the crystal becaus
the applied short electric field pulses. According to the
thors, the second process occurs when the external fie
switched off and the crystal returns to its initial state. It
assumed that the seeds are pushed to the surface and
lapse, leading to the emission of electrons screening the
larization within the seeds. According to the experimen
data presented by the authors, a second process of the
talline seeds collapse predominates, which leads to an e
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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sion current density as high as 400 A/cm2. Subsequently this
hypothesis was extended to a qualitative theory based
physical estimations.135

On the basis of the experimental result, which sho
considerable electron emission from a ferroelectric above
Curie point, Okuyamaet al.14 proposed an abrupt change
dielectric flux as an alternative to polarization switchin
Pleyberet al.92 assumed that electron emission from ferr
electrics is tunnel electron emission at low current densit
and it becomes plasma induced field emission at high em
sion currents. Shannonet al.86 divided the electron emission
into two modes: the plasma-assisted bright mode and
so-called dark mode induced by polarization reversal. M
ake et al.17 ascribed strong electron emission to both em
sion of screening electrons during polarization switching a
plasma formation on the ceramic surface. A similar interp
tation of simultaneous ferroelectric and plasma emission
proposed by Zhang and Huebner.85 Detailed studies of
plasma-assisted emission in both reversal~Shur et al.,82,83

Rosenman et al.,84! and nonreversal ~Shur and
co-workers,16,91,83 Krasik et al.,21,87 and Dunaevsky
et al.,88,97! modes have been conducted. The next sec
will present features and basic physics of plasma-assi
electron emission from ferroelectric materials.

F. Laser-induced electron emission from ferroelectrics

The first observation of the intense laser-induced el
tron emission from PLZT 9/65/35~up to 2 A/cm2, 20
nC/cm2! was reported by Geissleret al.137 The electron
emission was induced by 6-ns-long UV laser pulses~266 nm
wavelength! with an output power density on the sample
53105 W/cm2. Electron emission from the ferroelectri
started only with extraction voltages of several kV. The ele
tron current pulse time coincided with the laser pulse tim
Illumination by green laser light (l5532 nm) did not cause
emission, despite higher light intensity and extraction vo
age.

The experimental setup was similar to that used
strong electron emission induced by high voltage pulses
quartz window and a special Faraday cup design allowed
laser beam to illuminate the gridded ferroelectric surfa
~gold stripes of 200mm width separated by a bare surface
the same width!. A negative dc extraction potential up to 1
kV was applied to the grid electrode. An opposite surface
the sample was coated with a solid electrode.

The laser-induced emission observed from the PL
9/65/35 was interpreted as a photoeffectlike emission.137 It
was assumed that either a spontaneous polarization ch
~due to a pyroelectric effect, for instance! or the liberation of
electrons from donor levels~or even from the valence ban
through the band gap of about 3.4 eV! was responsible for
the electron emission.136

Strong enhancement of the laser-induced electron em
sion and intense laser induced self-emission of electr
were demonstrated subsequently.138,139Both effects were in-
duced by previous high voltage pulsing of PLZT sampl
The energy of the self-emitted electrons was as high as
keV. An extended study of these effects was conducted
Geissleret al.140 using pulsed laser radiation of 266, 35
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and 532 nm wavelength~energy density of 13 mJ/cm2, 5 ns
pulse width!. PLZT 2/94.5/5.5 samples with an identic
electrode configuration were employed.

According to Geissleret al.140 there are three differen
models of the laser induced electron emission:

~a! pure laser-induced emission with no high voltage pu
ing of the samples used~only an extraction potential is
applied!;

~b! enhancement of the pure effect by subsequent h
voltage and laser pulse application to the PLZT ca
ode~a laser pulse is accompanied by an extraction v
age!;

~c! self-emission of electrons measured in the condition
~b! without any extraction potential~laser pulses are
applied after pulsing the cathode with high voltage!.

The effects~b! and ~c! were assumed to occur due
laser-induced macroscopic polarization change in the fe
electric. Both effects were characterized by a threshold
pendence of the emission efficiency on the energy densit
the incident light and a high energy of emitted electro
Photoassisted domain switching was proposed as a pos
mechanism of the enhanced laser-induced emission~b! and
self-emission~c! of electrons.140

Both self-emission and enhanced laser-induced emis
decayed as function of the number of laser pulses with
further electrical pulsing of the cathode.140,141Hence, the ef-
fect ~a! was classified as a ‘‘normal steady state’’ emission
the presence of a constant extraction field, while the effe
~b! and ~c! were referred to as a ‘‘transient mode,’’ after
high voltage pulsing of the ferroelectric cathode.141

Using ultrashort femtosecond laser pulses was found
be favorable for ferroelectric photocathodes.141 Hence, the
laser-induced emission efficiency of the ferroelectric pho
cathodes surpassed that of metallic photocathodes by at
one order of magnitude.141 Geissleret al.141 stated that ferro-
electric photocathodes can work properly in a gas o
plasma atmosphere, and they are superior to most of met
photocathodes in reliability and lifetime. Therefore, ferr
electric photocathodes may be used in free-electron las
electron accelerators, and high power linear colliders.141 The
first demonstration of a ferroelectric laser photocathode
erating in an acceleratorlike structure was presented by G
del et al.142

Laser-induced electron emission from PLZT ceram
was recently studied by Benedek and Boscolo.143 Their re-
sults confirmed those described previously. In addition,
authors observed electron emission induced by laser w
lengths as long as 1064 nm with a corresponding increas
laser pulse energies. In general, it was stated that the hi
the energy of the incident photons, the higher the efficien
Furthermore, it was found that the ferroelectric mater
PLZT 8/65/35 is much more efficient than the antiferroele
tric PLZT 4/95/5.

Benedek and Boscolo143 proposed a new model based o
the Auger process in a high density sheet of electrons
screen the macroscopic spontaneous polarization nea
front surface of the ferroelectric ceramic. According to t
authors, an electron density ofn,1020cm23 in the vicinity
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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of the emitting ferroelectric surface should make the Aug
process very effective. Electrons exit the ferroelectric
ramic due to a Coulomb repulsion as a result of polarizat
switching within the surface layer.140,141 The laser-induced
electron emission under normal steady state operation~with-
out high voltage pulsing! at short wavelengths was ascribe
to a conventional photoemission process as was initially p
posed by Geissleret al.137

A more detailed review of laser-induced electron em
sion from ferroelectrics can be found in the paper by Rie
et al.18

II. PLASMA-ASSISTED ELECTRON EMISSION FROM
FERROELECTRIC MATERIALS

The review of the experimental results presented in
previous section showed that various ferroelectric mater
related to quite different phase states~ferroelectric, antifer-
roelectric, relaxor, paraelectric! demonstrate strong electro
emission currents. Application of high voltage stress to
ferroelectric cathodes may cause diverse field-induced
fects, including spontaneous polarization inversion of
materials in the ferroelectric state, field-enforced phase tr
sitions such as antiferroelectric–ferroelectric and relaxo
ferroelectric. In these cases strong emission was observe
was also shown that high density electron emission is ge
ated also in the paraelectric phase PLZT 12/65/35,16,91which
is a linear dielectric with very high dielectric permittivity an
the only field-induced effect occurring in this material is d
electric polarization.

Analysis of numerous experimental results revealed t
the studied ferroelectric crystals and ceramics with vario
compositions, in different phase states and excited in dif
ent modes, demonstrated similar values of the electron e
sion currents. This allows the assumption of a comm
mechanism for all studied ferroelectric materials. In so
research papers it was assumed~Pleyberet al.,92 Riege127!
that a surface plasma may be formed at a ferroelectric c
ode surface, and it contributes to the strong electron em
sion. In the article by Shannonet al.86 the emission was di-
vided into two modes: a plasma-assisted ‘‘bright’’ mode a
the so-called ‘‘dark’’ mode, induced by spontaneous pol
ization switching of a ferroelectric. A similar interpretatio
that considered simultaneous true ferroelectric emission
plasma emission was recently proposed by Zhang
Huebner.85 The authors claim that plasma-assisted elect
emission follows the emission induced by polarizati
switching.144 Dorfman et al.145 disagree with this assump
tion; and, on the basis of their experimental results, th
argue that the surface plasma appears in the first few n
seconds and can only be the source of electrons for
strong emission. Benedeket al.90 assume that a so-calle
ferroelectric current pulse appears about 50 ns after the
of the switching pulse, while plasma formation starts at
end of the rise of the driving pulse. This hypothesis a
contradicts that of Zhanget al.144 Flechtneret al.95 inter-
preted their results assuming that in the first'1 ms the ferro-
electric cathode controls the electron flow, while beyond t
time plasma effects dominate. Shuret al.82 observed plasma
assisted electron emission of a ferroelectric origin existing
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the ferroelectric phase only. In a later paper83 the authors
found two different modes of excitation of the surface flas
over plasma, initiated by either weak electron emission un
polarization reversal~true ferroelectric emission! or field
emission at triple points.

In this section we will consider the plasma interpretati
of strong electron emission from ferroelectric cathodes.
will review various methods of surface plasma initiation, i
cluding plasma ignition by classical field emission and
weak ferroelectric emission when the generated plasma
a ferroelectric origin.

A. Plasma-assisted electron emission from
ferroelectric cathodes in the nonreversal
„nonswitching … mode

Direct evidence of a plasma-assisted character
‘‘strong’’ electron emission from the ferroelectric cerami
PLZT 12/65/35 in the paraelectric phase was presented
Shuret al.16 The idea to use the PLZT 12/65/35 ceramic w
to completely eliminate spontaneous polarization reversa
a possible mechanism of electron emission generation
ferroelectric material in the paraelectric phase does not p
sess spontaneous polarization. The experimental evide
presented by Shuret al.,16 showed that despite the lack o
polarization reversal, as well as any field-induced phase t
sition, strong electron emission with typical current densit
of tens of A/cm2 was observed. Plasma generation was
served by direct observation of surface flashover and
measurements of both electron and ion currents. Su
quently, detailed studies of parameters of the plasma ge
ated on a PZT and a BaTiO3 ceramic surface were presente
by Krasik et al.87 and by Dunaevskyet al.88,97

Ferroelectrics are well-known dielectric materials. So
ferroelectric materials, such as various ferroelectric ceram
possess a high dielectric permittivity« r'102– 104. High di-
electric permittivity of ferroelectric ceramic materials ma
them attractive for use as metal-dielectric cathodes that h
been known for more than 30 years.146–152 Operation of
metal–dielectric cathodes is based on plasma formation
results from a noncompleted surface discharge~in equivalent
terms dielectric surface flashover! followed by the extraction
of an electron beam from the surface plasma. It should
stressed that the experimental setup~electrode configuration!
used in these early investigations was very similar to
experimental setup used at the present time in studie
ferroelectric cathodes~see the previous section!.

The severe lowering of the breakdown voltage
vacuum gaps with dielectric is known from the pioneeri
work of Kofoid.146 The primary phenomenon is attributed
extremely high electric fields produced in the unavoida
very small gaps at the metal-to-dielectric contact. The eff
is especially pronounced for ceramics with high dielect
permittivity such as barium titanate.146 It was proposed tha
surface flashover starts at a negative metal–dielectric ju
tion, due to the initial release of electrons by the field em
sion process.146

In a triple junction region where metal, vacuum, a
dielectric meet the electric field can be roughly estimated
follows:
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, ~23!

where E0 , «, and d are the applied electric field (E0

5V/d), dielectric constant, and dielectric thickness, resp
tively, d0 is the microgap between the dielectric and metal
d0«/d!1, the electric field in the triple junction is approx
mately increased by a factor of«. According to Schachter153

the current emitted via field emission at triple junctions
also proportional to the dielectric constant.

Bugaevet al.148,149conducted detailed investigations o
a surface flashover mechanism at a dielectric–vacuum in
face. High voltage pulses~up to 40 kV for 2-mm-thick
samples! with a very short rise time~;1 ns! were used to
cause the flashover on forsterite and steatite (« r'7) ceram-
ics. The dominant role of the metal–dielectric contact in t
process of the flashover initiation was confirmed by Buga
et al.148 Using fast frame photographing and visible lig
spectroscopy, Bugaevet al.151 showed that intense electro
emission starts almost simultaneously with the appearanc
light emission at triple junctions on a BaTiO3 surface. This
result was obtained for any polarity of the applied trigg
voltage. However, it was shown that plasma channel velo
along the ceramic surface depends on the polarity and
plitude of the trigger voltage applied. The light emission o
servation and spectroscopy data~spectral lines of ceramic
components as well as electrode material were observed! al-
lowed the authors to propose a concept of explosive elec
emission at triple junctions~Bugaevet al.;151 Mesyats154!.

Metal–dielectric cathodes were successfully used
electron sources for nanosecond high current accelera
High density pulsed electron emission currents of up
103– 104 A/cm2 with a current pulse width up to 100 ns we
obtained from barium titanate with«51500 by applying
high voltage trigger pulses with an amplitude
1–4 kV ~typical sample thickness was 1–2 mm!.150

A barium titanate cathode with a wire grid on the em
ting surface was recently analyzed by Puchkarev a
Mesyats152 on the basis of their previous studies referred
earlier. They noted that triple junctions formed at the gri
dielectric contact played a fundamental role. It was also
sumed that the flashover was initiated as a result of an
plosive electron emission at the triple junctions. T
discrepancy with the Child–Langmuir law was explained
the prefilling of a vacuum diode with the flashov
plasma.152,154

At the present time there is no comprehensive and p
cise theory describing the dielectric surface flashover. Ho
ever, there are some generally accepted points related
qualitative scenario of the flashover process. According
the review of dielectric surface flashover phenomenon
Miller,155 the surface flashover of insulators in a vacuum
initiated by the emission of electrons from the cathode tri
junction. These electrons then usually multiply~avalanching
process! as they traverse the insulator surface due to the
gential electric field component, either as a surface seco
ary electron emission avalanche, or as an electron casca
a thin surface layer, causing desorption of gas which h
been absorbed at the insulator surface. This desorbed g
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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then ionized, which leads to the surface flashover of
insulator.155 In other words, the final stage of the surfa
flashover is thought to occur in desorbed surface gas an
in vaporized insulator material.155,156Another possible flash
over mechanism has been proposed by LeGressuset al.157,158

and Blaise.159 The surface flashover was ascribed to a rel
ation of the crystal lattice initiated by a charge detrapp
process.

A possible scenario of the surface plasma formation
the typical ferroelectric cathode geometry is shown sc
matically in Fig. 18,16 and the qualitative mechanism of th
strong electron emission16,87,88 will be briefly discussed in
the following in terms of the dielectric surfac
flashover.160,154 If a positive voltage pulse is applied to th
rear contact of the sample and the grid electrode is groun
~Fig. 18!, the metal grid–dielectric contact represents a ca
ode triple junction; i.e., a region where a metal~cathode!,
insulator, and vacuum meet.155,156 The field is enhanced in
unavoidable small gaps~see Fig. 18! at triple junctions by a
factor « r ~relative permittivity of a dielectric!.146 Field elec-
tron emission at the triple junctions occurs as a result of
above-mentioned field enhancement of the normal elec
field componentEn . Field electron emission at the tripl
junctions is a priming electron emission required for furth
surface flashover development. Emitted electrons then m
tiply as an avalanche traversing the dielectric surface, du
a tangential electric field componentEt ~see Fig. 18!. Several
models of this flashover development process are avail
to data ~Anderson and Brainard,161 Pillai and Hackam,162;
Avdienko and Malev,163,164LeGressuset al.,157,158Bomma-
kanti and Sudarshan165!. It should be stressed that both prim
ing electron emission and the tangential electric fieldEt are
prerequisites required for the surface flashover initiation.

A detailed investigation of ferroelectric cathodes in t
nonreversal mode was conducted recently by Kra
et al.87,166 and Dunaevskyet al.88 The experimental setup i
shown in Fig. 19. A PZT, BaTiO3 and a linear dielectric
printed circuit board~according to the producer Walter Lem
men Ltd. made of fiber glass reinforced with epoxy! with a

FIG. 18. A possible mechanism of surface flashover plasma formation w
polarization reversal is eliminated~nonreversal mode!. vpe , vpp , Et , and
En are the plasma expansion velocities into the vacuum gap, plasma p
gation velocity along the dielectric surface, and tangential, and normal c
ponent of the electric field.
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very low dielectric permittivity (« r'3) were studied. The
samples were placed inside a cylindrical aluminum box w
an output window covered by a stainless steel grid. The c
odes were operated by applying a driving pulse of eit
positive or negative polarity to the front or to the rear ele
trode of the ferroelectric sample. The driving pulse~Vfe

52 – 10 kV, tp5500 ns– 50ms! was produced by a puls
generator. All experiments were carried out at a repetit
rate of~0.5–2! Hz in a vacuum of 231025 Torr. The plasma
ion and electron saturation currents were measured sim
neously by an array of biased CFCs in one shot. The elec
temperature of the plasma and the plasma electron den
were estimated by use of single and double floating prob
The driving voltage and current through the sample w
measured by a HV divider~VD1! and Pearson Rogovsk
coils ~RC1 and RC2!. The parameters of the neutral flo
were studied by fast Penning probes and the light emiss
of the plasma was studied by a fast framing cam
4Quik05A with frames>4 ns.

en

a-
-

FIG. 19. A schematic drawing of the experimental setup used for sur
plasma diagnostics.

FIG. 20. Typical frames~frame durationt510 ns! of visible light emitted
from the surface of the PCB material formed by a surface plasma wi
different delaytd from the start of the trigger pulse~trigger pulse, 10 kV
with duration of 100 ns applied to the rear electrode of the sample!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Typical frames of the visible light emitted by the surfa
plasma formed at the surface of the PCB are presente
Fig. 20. One can see that the individual surface discha
start within the first 5 ns from the start of the high-volta
pulse at the edges of the strips. Furthermore, these discha
propagate toward each other with a velocity ofVpl

'107 cm/s. Already after 35–40 ns from the start of the H
driving pulse, the plasma covers the space between the s
leaving a narrow~< 1 mm! width space in the middle. The
decay of the light starts at 50 ns and att.80 ns no visible
light is observed. The temporal evolution of an individu
discharge shows that it has a conic spatial structure with
apex at the edge of the strip. Experiments with PZT a
BaTiO3 samples showed the plasma formation to be a
almost simultaneous with the beginning of the trigger pu
~a few kV!.

An interesting feature of the observed noncomplete s
face discharge is that the plasma streamers, which are for
at the edges of opposite strips, do not cross each other,
ing a small narrow gap. This is a typical feature of a no
complete discharge when the discharge current is close
the displacement current through the sample and the pla
has the same potential as the grounded electrode. Sinc
leading front of the surface discharge consists of elect
flow ~avalanching process!, it will stop at a certain distance
due to the Coulomb repulsive force.

On placing the printed circuit board dielectric in
vacuum at the same voltage amplitude, only a few spor
cally appearing discharges were observed. Increasing
voltage amplitude to 20 kV led to an increase in the num
of discharges, but still the uniformity and reproducibility
the discharges were poor. A further increase of the HV a
plitude caused a breakdown of the circuit board.

The plasma formation should be accompanied by
sorption of surface atoms and molecules. It was found tha
increase of the amplitude of the driving pulse from 4 to 6
led to an almost three times increase of the Penning sig
The pressure in the regions where the probes were locate~1
and 3 cm from the front surface of the PZT sample! in-
creased slightly~from 1 to 231025 Torr!. The neutral den-
sity according to the geometrical factor and measured ve
ity of the neutral flow ('13105 cm/s) is about nn

'1015cm23 in the vicinity ~within a 0.1-mm-thick layer! of
the front electrode. Thus, the Penning probe measurem
showed that application of the driving pulse to the ferroel
tric sample leads to neutral flow formation, which may sp
the vacuum in the system.

The measurement of the parameters of the plasma w
was produced on the surface of the BaTiO3 and PZT samples
showed that the amplitude and duration of the ion and e
tron plasma saturation currents depend strongly on the
plitude and polarity of the driving pulse, as well as on t
method of its application and the polarization state of
samples used. Detailed data are presented in the pape
Dunaevskyet al.88 Here only the main results will be pre
sented.

Electron and ion flows were observed for all test
samples. Moreover, ion and electron flows appeared alm
simultaneously, indicating a charge compensated fl
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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~plasma! which propagates outward from the ceramic s
face. Time-of-flight measurements show that this plas
flow consists of two components: fast and slow. The fast o
has a velocity of up to (1 – 2)3107 cm/s, while the slow one
has a velocity of about 0.53106 cm/s. The electron plasm
density of the fast and slow plasma flows was estimated
<1011 and<1012cm23, respectively, at a distance of'2 cm
from the front electrode of the sample. The electron plas
temperature of the slow plasma flow was estimated to
about 3 eV. Taking into account the measured divergenc
the plasma flow, one can estimate the plasma density in
vicinity of the front electrode~1- to 10-mm thick plasma
layer! as<(1013– 1014) cm23.

Papers dedicated to the subject showed that a sur
flashover plasma can be initiated by either field elect
emission~Puchkarev and Mesyats,152 Shuret al.,16,91! due to
electric field enhancement at triple junctions~nonreversal
mode!, or ferroelectric electron emission~FEE! induced by a
noncompensated charge arising on a polar ferroelectric
face~reversal mode! during polarization reversal~Rosenman
et al.,84 Shur and Rosenman82,83!. A high current density
electron beam can be extracted from the surface pla
formed at a free ferroelectric surface by either of the abo
mentioned processes~Puchkarev and Mesyats,152 Advani
et al.,133 Shuret al.,82 Shur and Rosenman83!.

Almost all studies published during the last few yea
somehow involve plasma generation on a ferroelectric s
face ~Riege,127 Pleyberet al.,92; Shur et al.,16,91,82,83Rosen-
man et al.,84 Shannonet al.,86 Benedeket al.,90,96 Flechtner
et al.,95 Zhang and Huebner85!. As a matter of fact, surface
plasma can serve as an almost unlimited source of elect
for a strong electron beam current.

The surface plasma can be initiated by the field enhan
ment in triple junctions according to the above-describ
mechanism. This mechanism does not involve any ferroe
tric properties of materials except a high dielectric const
of PLZT ~PZT! ceramics used. The electron emission, a
cording to this scenario, was referred to as a nonreve
mode of plasma-assisted electron emission from ferroe
tric. Nevertheless, another plasma initiation mechanism,
volving spontaneous polarization reversal and existing in
ferroelectric phase only, has been revealed recently~reversal
mode!. This new plasma initiation mechanism in the s
called reversal mode will be discussed in the next paragra

B. Electron emission from a surface plasma of
ferroelectric origin

In the previous paragraph experimental evidence of
plasma-assisted character of strong electron emission in
nonreversal mode from the ferroelectric ceramic PLZT 1
65/35 related to the paraelectric phase and linear dielec
printed circuit board was demonstrated. It was clearly prov
that a surface flashover plasma can be the source of elec
for strong electron emission. However, it is still unclear ho
basic ferroelectric properties of materials may be involved
strong electron emission. So far it is necessary to find a s
able experimental situation and to choose a suitable fe
electric material which allows the separation of reversal a
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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nonreversal modes; in other words, induce strong elec
emission by spontaneous polarization inversion.

Here, the role of polarization switching in surfac
plasma formation and subsequent electron emission wil
considered by the use of ‘‘model’’~‘‘classic’’ ! TGS
crystals82 which are among the most investigate
ferroelectrics.102,103The ferroelectric TGS crystal~spontane-
ous polarizationPs52.8mC/cm2! is easily switched in elec
tric fields of several hundreds of V/cm, facilitating studyin
basic physical principles of the phenomenon. Furthermor
can be easily heated up to the paraelectric phase due to
low Curie temperatureTC549 °C of this crystal.

For studying emission properties of the TGS samp
the following procedure was carried out. One polar surfa
of the sample was coated with a silver paint to form a r
contact. A copper fine grid~4 mm wire diameter, 16mm
period! was pressed onto another polar surface of the crys
to form a grid electrode. The TGS samples were mounted
a copper holder with an internal heater by gluing the r
contact of the samples to the holder~Fig. 21! with silver
paint.

The experimental setup using grid anode and solid c
lector electrodes for measuring charged particle fluxes
shown in Fig. 21. This setup is similar to the double pro
system,167,168 which results in avoiding a large differenc
between electron and ion currents. By using this setup
plasma separation into electrons and ions~if any! should be
observed. Either a rectangular switching voltage pulseVsw

~amplitude and pulse width were 100 V<Vsw<900 V and
150ms<tpulse<500ms, respectively! or a sinusoidal~ac!
voltage~100 V<Vsw<1000 V, 20 Hz< f <1000 Hz! was ap-
plied to the rear contact of the TGS samples~Fig. 21!. The
grid was grounded through a current viewing resis
Rcv (10– 100V), in order to measure the switching curre
by the Merz method.169,108 The switched charge (Qsw) was
measured by an integratingRC circuit ~charging time con-
stant 10 ms! which replacedRcv . In the case of an ac switch
ing voltage, a hysteresis loop was continuously monitored
the Sawyer–Tower method.169

Spontaneous polarization was reversed by applyin
switching voltage to the rear contact. Subsequently, the
tial polarization direction may be restored by applying

FIG. 21. A schematic diagram of the experimental setup showing a
anode and solid collector~‘‘anode-collector’’ setup!.
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switching voltage of opposite polarity to the rear contact.
the case of the ac switching voltage each period of the s
soidal wave caused a forward and a subsequent backw
polarization switching.

A stainless steel grid~52 mm wire diameter, 460mm
period! was used as an anode placed at a distance of 3
from the sample. The anode was grounded through a cur
viewing resistorRcv (10V – 10 kV). A solid copper collector
electrode was placed 2 mm behind the grid anode. The
lector was biased by a positive dc voltageVA ~Fig. 21! varied
within the range~0–2! kV by using a bypass capacitor~0.1
mF!. The collector currentI C was measured by using th
current viewing resistorRcv (10V – 100 kV). Both anode
(I A) and collector (I C) current wave forms were measure
by a digital storage oscilloscope.

Another experimental setup used for charged partic
diagnostics is shown in Fig. 22 where a collimated Farad
cup~CFC! replaces the anode and collector electrodes.84 One
can see from Fig. 22 that it is actually a single probe syst
From a current–voltage characteristic (I –V) of the single
probe some plasma parameters can be estimated.167,168 The
circuit for measuring the switching current (I sw), the
switched charge (Qsw), and the ferroelectric hysteresis loo
~Fig. 22! was the same as that described previously for
‘‘anode-collector’’ setup~Fig. 21!. The CFC was biased by
dc voltage (Vb) in the range from21 to 1 kV. The CFC
current (I CFC) was measured by using the same measur
circuit as that for the collector current (I c) in the ‘‘anode-
collector’’ setup. The distance between the CFC and
sample surface~Fig. 22! was about 4 mm. All experiment
were implemented in a vacuum of 1026 Torr. The tempera-
ture of the samples varied within the range of~20–100! °C.

Various analytic tools were used to determine whethe
plasma is formed at the surface of the TGS samples. Par
larly, optical microscopy, scanning electron microsco
~SEM!, and x-ray photoelectron spectroscopy~XPS! tech-
niques were used for a surface analysis of the TGS sam
after periodic polarization reversal.84

Recorded ion and electron currents~Fig. 23! as well as a
surface analysis~Fig. 24; Rosenmanet al.!84 showed that a
plasma appears on the TGS ferroelectric surface despite
low external voltage applied~>100 V!.

idFIG. 22. A schematic diagram of the experimental setup with a collima
Faraday cup~CFC!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Figure 25 shows that the electron emission, which can
interpreted as a plasma-assisted effect, is observed in
ferroelectric phase only. The phenomenon disappears a
the Curie point~Fig. 25!; that is, after the phase transitio
ferroelectric–paraelectric. We believe that the obser
plasma is created due to spontaneous polarization switc
occurring in the ferroelectric.82–84

Figures 23 and 24, and other experimental data p
sented in the papers by Shuret al.82 and Rosenmanet al.,84

show that the external voltage required to cause polariza
reversal in the TGS sample and plasma formation on its
polar surface (Vth>100 V) is one order of magnitude lowe
than that required to form the plasma on PLZT 12/65/
which possesses a high dielectric constant ceramic sur
without the polarization reversal.16 This voltage is also one
order of magnitude lower than those used to cause str
electron emission from ferroelectrics in basic experimen
studies ~Gundel et al.,81 Ivers et al.,9 Jiang et al.,10 Sam-
payan et al.,11 Shannon et al.!.86 The surface flashove
mechanism described previously~Miller,155,156Anderson and

FIG. 23. Anode (j A) and collector (j c) current densities~peak values! vs the
switching voltage (Vsw) for TGS crystals at room temperature.

FIG. 24. An optical image of a TGS polar surface after periodic switch
by a sinusoidal ac voltage for 30 min~Vsw5255 V, f 5100 Hz!. The image
is obtained by a reflected light microscope.
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Brainard,161 Avdienko and Malev,163 Bugaev and
Mesyats,170 Bugaevet al.,171 Brainard and Jensen,172! fails to
explain the vanishing of the effect in the paraelectric pha
as well as of the drastic decrease of plasma initiation v
ages despite the low dielectric constant of the TGS sam
(«TGS!«PLZT). The above-mentioned considerations imp
that a new mechanism of surface plasma initiation on a f
ferroelectric surface should be formulated.

The following qualitative mechanism was propos
~Shuret al.!82,83 for surface plasma initiation in the revers
polarization switching mode. It is based on understand
that primary electrons and the high tangential electric fi
accelerating them along a dielectric surface are required
surface plasma generation. A schematic sketch of the

FIG. 25. A typical plot of the collector current~peak value! vs temperature
for TGS crystals. The switching voltage isuVswu'600 V ~polarization vector
is always reversed!, while the collector bias voltage isVC51 kV.

FIG. 26. A simplified schematic drawing of the surface plasma format
mechanism.Ps , Et , andEn denote the spontaneous polarization, tangen
electric field component, and normal electric field component, respectiv
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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posed mechanism is shown in Fig. 26. Polarization switch
starts under the grid wires and an electron emission curr
screening uncompensated polarization charge, begins~Fig.
26!. This is the weak electron emission which should
FEE.3,173It acts as a priming electron emission current wh
is required to initiate the surface flashover. Subsequently,
inhomogeneous distribution of noncompensated surf
charges may cause a high local potential gradient along
surface~tangential electric field!. This tangential field be-
tween switched and nonswitched, yet adjacent regions, le
to electron avalanching followed by plasma covering
crystal surface. Fast propagating plasma~the plasma velocity
106 cm/s! coats the free polar surface between the strips
the electrodes in a very short time. From this moment
plasma serves as a dynamic electrode for polarization sw
ing in this region.

One can conclude that the initial electrons for the init
tion flashover process, as well as the tangential electric fi
component required for electron avalanching, are of a fe
electric origin. An avalanche may be triggered by an em
sion current as low as'1 nA.172 The FEE current density
from TGS crystals was found to be of the order
1027 A/cm2.72 One can conclude that it is sufficient for th
surface flashover initiation.

Optical microscopy~Fig. 25!, as well as SEM and XPS
analysis indicate that grid evaporation or sputtering occur
the vicinity of the crystal surface. We believe that this pr
cess takes place due to high local current densities from
the grid electrode when the surface plasma is generated

A good question to ask is: can the electron current fr
the TGS cathode be increased up to current densities of
eral dozens of A/cm2 as was observed from PLZT 12/65/3
without polarization switching? In order to verify this poin
some additional experiments were conducted. We exam
the emission from a TGS cathode with either a ring or a g
front electrode. Either positive or negative trigger volta
pulses with an amplitude ofuVtru<2.5 kV and pulse width
within the range 100 ns<t tr<100ms were applied to the rea
contact of the TGS cathodes. All trigger voltage pulses
plied were monopolar in order to eliminate polarization
versal. The experimental setup shown in Fig. 21 was used
the experiments, and all results were verified by using
CFC setup of Fig. 22. All experimental conditions were t
same as previously described. It should be stressed that
ther electron emission nor plasma formation was observe
these experiments.

The lack of electron emission in the above-describ
conditions indicates that in the given range of applied vo
ages (uVtru<2.5 kV), a surface plasma followed by electro
emission can be induced by polarization reversal only. T
has a much lower dielectric constant («'50) compared to
that of PLZT 12/65/35 ceramic («'3400). According to
Suzuki,174 for an electrode spacing of 1 mm~typical dimen-
sion in our experimental conditions! a dielectric surface
flashover voltage of TiO2 («'60) in a vacuum was abou
12–14 kV, while the flashover voltage of BaTiO3 ceramic
(«'6000) was only 2–3 kV.

Thus, in contrast to PLZT 12/65/35 ceramics, a volta
of several kV is insufficient for initiating a flashover plasm
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
g
nt,

e

e
e

he

ds
e

f
e
h-

-
ld
-
-

in
-
to

v-

ed
d

-
-
or
e

ei-
in

d
-

S

e

on a TGS surface in the nonreversal mode by the conv
tional scenario156 because of the low dielectric constan
However, a drastic decrease of the flashover voltage ca
achieved by involving polarization reversal in surface flas
over initiation according to the above-proposed mechani

C. Reversal and nonreversal modes of plasma
assisted electron emission from ferroelectric ceramics

Electron emission properties of PLZT 7/65/35 ceram
should be of interest for a comparative study of electr
emission when spontaneous polarization is reversed~reversal
mode! and without polarization reversal~nonreversal
mode!.83 As was described previously, TGS crystals rep
sent a good ferroelectric material for experimental model
of strong electron emission from ferroelectrics. However
has been shown that the strong electron emission canno
observed in the nonreversal mode from a TGS crystal, du
the rather low dielectric constant of this crystal. This restr
tion should be avoided in the case of PLZT 7/65/35 fer
electric ceramics. On the one hand, this composition p
sesses a high dielectric constant comparable to that of
PLZT 12/65/35 ceramic composition.99 On the other hand,
the PLZT 7/65/35 composition is a ferroelectric one posse
ing a high spontaneous polarization of several dozens
mC/cm2.99 Hence, strong electron emission can be studied
the comparison of the reversal and nonreversal modes
ized by using the same PLZT 7/65/35 ferroelectric ceram
Thus, this study should summarize all plasma-assisted
cesses which can be involved in strong electron emiss
from ferroelectric cathodes based on PLZT ceramics. O
more interesting effect to be considered is a partial polar
tion switching followed by backswitching of ferroelectric do
mains. This was proposed early as a possible explanatio
electron emission from ferroelectric ceramics,81,15 and will
be included.

In the reversal mode, the polarization switching curre
(I sw) and the electron emission current (I e) are generated by
the first ~reversing! applied voltage pulse only. Conseque
pulses of the same polarity and amplitude cause neith
polarization switching current nor an emission curre

FIG. 27. Traces of the electron emission current~0.2 A/div, lower trace! and
the applied voltage~500 V/div, upper trace! in the reversal mode~PLZT
7/65/35!. The CFC bias voltage and the emitting area areVb5100 V and
Ae'0.1 cm2, respectively.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Sometimes the second shot induced a much weaker emis
current compared to the first one. In this mode the elect
emission can be induced only by rather wide applied volt
pulses (t.300 ns) which are higher than the threshold vo
ageVthr5500 V.83

The polarization switching current and switched cha
were measured simultaneously with the electron~ion! emis-
sion current. The peak value of the polarization switch
current density for an applied voltage ofVap52750 V was
about j sw'(1462) A/cm2, and the measured switche
charge was aboutQsw'(1563) mC/cm2.

A typical trace of the electron~the CFC bias voltage
VB5100 V! emission current in the reversal mode for
applied voltageVap52750 V ~pulse widthtap5100ms! is
shown in Fig. 27. For the given applied voltage, a peak va
of the electron current density wasI e'(762) A/cm2, while
the electron current pulse width waste'(0.860.2)ms ~Fig.
27!. A rather low negative~retarding! bias voltage (40 V
<VB<70 V) was required in order to cancel the electr
current (I e50). For higher negative CFC bias voltages (VB)
the ion current (I 1) was observed~Fig. 28!. The delay time

FIG. 28. Traces of the ion emission current~4 mA/div, lower trace! and the
applied voltage~500 V/div, upper trace! in the reversal mode~PLZT 7/65/
35!. The CFC bias voltage and the emitting area areVb521000 V and
Ae'0.1 cm2, respectively.

FIG. 29. The ion current densityj 1 ~peak value! in the reversal mode vs the
CFC bias voltageVb for two different negative applied voltagesVap ~PLZT
7/65/35!.
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of the ion signal with reference to the starting point of t
switching voltage pulse wastd'(460620) ns. The ion cur-
rent pulse width wast1'(2.360.7)ms ~Fig. 28!. A typical
trace of the ion (VB521000 V) emission current in the re
versal mode for applied voltage parameters the same as m
tioned previously~Vap52750 V, pulse widthtap5100ms!
is shown in Fig. 29.

The ion current peak value is plotted versus the C
bias voltage for two different switching voltages~Vap5
2600 V andVap52750 V! in Fig. 29. One can see that bot
plots tend to saturate atuVBu.100 V. The saturation ion cur
rent density ~peak value! was j 1'1.48 mA/cm2 at Vap

52600 V, andj 1'4.09 mA/cm2 at Vap52750 V.
The result obtained in the nonreversal mode is shown

Fig. 30, which demonstrates typical oscilloscope traces
the applied voltage and the electron emission current. A c
siderable increase of the applied voltage amplitude (uVapu
>1500 V) was required in order to obtain electron emiss
in the nonreversal mode. Emission current was observe
each shot regardless of polarization reversal. The switch
current transient in the nonreversal mode represente
charging current of the capacitor~capacitance of the PLZT
7/65/35 sample!. The peak value of the electron current de
sity wasI e'(863) A/cm2, while the electron current puls
width waste'(0.860.2)ms. It can be seen that the param
eters of the electron/ion emission obtained in the nonreve
mode were close to those of the reversal mode regardles
severe differences in applied voltages and delay times.

The experimental results show that a threshold volta
required for electron emission is three times higher in
nonreversal mode (Vnr'1500 V) than in the reversal mod
(Vr'500 V). Moreover, in the nonreversal mode electr
emission can be induced by short duration voltage pu
(tap,300 ns) as well as by wider ones. In contrast, in t
reversal mode the electron emission current vanishes
short duration voltage pulses (tap,300 ns).

FIG. 30. Traces of the electron emission current~0.2 A/div, lower trace! and
the applied voltage~500 V/div, upper trace! in the nonreversal mode~PLZT
7/65/35!. The CFC bias voltage isVB5100 V. The applied voltage ampli-
tude isuVapu51550 V, the pulse width istap'300 ns.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Special measurements of the delay time of the elec
emission current, with respect to the applied voltage, w
carried out with an oscilloscope time scale of 50 ns. Th
showed that in the reversal mode the delay time was (
610) ns. In contrast, in the nonreversal mode the delay t
was as short as (5065) ns.

Figure 31 shows typical traces of the applied volta
~trace A!, the electron emission current~trace B!, and the
polarization switching current~trace C! in the reversal mode
when the applied voltage pulse is as narrow astap52 ms
(Vap52750 V). Two electron emission pulses~Fig. 31,
trace B! were observed if the applied voltage pulse wid
was approximately within the range of 1ms<t<2 ms. The
backswitching current at the falling edge of the applied vo
age pulse is opposite in sign to that of the forward polari
tion switching current~Fig. 31, trace C!. The second electron
emission current pulse~Fig. 31, trace B! coincided with the
backswitching current transient~Fig. 31, trace C! on the time
scale. When the applied voltage was within the approxim
range of 1.1ms<t<1.6ms, the amplitude of the secon
electron emission pulse became much higher than that o
first one, which remained the same as that shown in Fig
~trace B!. For a pulse widtht<1 ms of the applied voltage
two emission pulses merged, and a single electron emis
current pulse with rather high amplitude and pulse width w
observed, as depicted in Fig. 32.

FIG. 31. Traces of the applied voltage~trace A!, the electron emission
current~trace B!, and the switching current~trace C! in the reversal mode
~PLZT 7/65/35!. The applied voltage amplitude isuVapu'750 V, the pulse
width is tap'2 ms. The CFC bias voltage isVB5100 V. The emitting area
is Ae'0.08 cm2.
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The appearance of the second electron emission cur
pulse induced by a single applied voltage pulse~Figs. 31 and
32! leads to a severe increase of a total emitted charge.
ure 33 demonstrates that the total emitted charge incre
significantly ~about 7 times! within the pulse width interval
of 0.6ms<t<2 ms. The emission~emitted charge! in the
reversal mode vanishes for applied voltages with a pu
width of t<300 ns~Fig. 33!. As was mentioned at the be
ginning of this section, in the nonreversal mode electr
emission can be obtained by such short pulses (t<300 ns)
by using much higher applied voltages.

A physical interpretation of the effects observed may
given on the basis of the ion current component measure
each experiment by biasing the CFC with a negative b
voltage. The ion current recorded in both reversal and n
reversal modes is direct evidence of a surface plasma for
tion. We believe, however, that regardless of the comm
plasma-assisted character of the emission, the surface pla
may be initiated by two quite different mechanisms.

FIG. 32. Traces of the electron emission current~0.2 A/div, bottom trace!
and the applied voltage~500 V/div, top trace! in the reversal mode~PLZT
7/65/35!. The CFC bias voltage isVB5100 V. The applied voltage ampli-
tude isuVapu'750 V, the pulse width istap'1 ms. The CFC bias voltage is
VB5100 V. The emitting area isAe'0.08 cm2.

FIG. 33. Total emitted electron chargeQE vs applied voltage pulse width
tap in the reversal mode~PLZT 7/65/35!. The applied voltage amplitude is
uVapu'750 V, the CFC bias voltage isVB5100 V, and the emitting area is
Ae'0.08 cm2.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The first one does not require polarization reversal a
may also be observed in the paraelectric phase. This is
firmed by the experimental results showing that in the n
reversal mode, electron emission is observed during e
applied voltage pulse of the same polarity regardless of
larization reversal. The observed delay of 50 ns is a typ
plasma formation delay for the given experimen
conditions.16 The surface plasma and consequent elect
emission may be induced by narrow (tap<300 ns) pulses of
rather high voltage (uVapu>1500 V). These applied voltag
parameters and electron emission current~Fig. 30! character-
istics ~peak current density and pulse width! are typical for
PLZT ceramics, including the particular PLZT 12/65/3
composition ~Sec. I E 2!. The high dielectric constant o
PLZT ceramics~«'1600 for the PLZT 7/65/35 cerami
studied! causes a considerable field enhancement at tr
junctions.147,152Therefore, we believe that in the nonrevers
mode the plasma formation followed by electron/ion em
sion should be ascribed to the above-described mechan

Surface flashover can also be induced in the reve
mode by an alternative mechanism due to spontaneous
larization reversal.82,83 This assumption is based on the e
perimental results for ferroelectric TGS crystals demonst
ing that polarization reversal is required in this mode in or
to obtain both electron and ion emission currents.

Comparing reversible polarization of PLZT 7/65/3
(2PR'63.4mC/cm2 with metal contacts! to the measured
switched charge (Qsw'15.3mC/cm2), one can see that th
polarization switching is partial. To this end, it should
noted that an insufficient compensating current decrease
switchable spontaneous polarization.175 In line with this, two
remarks about the compensation process with a dyna
plasma electrode should be given. First, a surface plasma
finite source of compensating charges~the density of charged
particles is incomparable to that of metals!. Second, plasma
initiation is followed by its expansion into the vacuum, a
the plasma density degrades gradually as a function of ti
This makes the compensation process at the free ferroele
surface less effective compared to that at a surface cov
with a metal electrode, and as a result leading to partial
larization switching. Nevertheless, we believe that one
approach complete polarization switching by increasing
surface plasma density under higher switching voltages.

One can see from Fig. 31 that the polarization switch
~backswitching! current and the first~second! electron emis-
sion current are of the same duration. Therefore, we bel
that the electron emission pulses shown in Fig. 31 are du
double surface plasma formation caused by partial forw
polarization switching~the first pulse! and by backswitching
of ferroelectric domains~the second pulse!. The backswitch-
ing causes the appearance of a second noncompen
charge~opposite sign with respect to the forward revers!
positive in our experimental conditions during the same
plied voltage pulse. Therefore, the conditions for surfa
plasma generation may be achieved twice during the sin
applied voltage pulse. The rather high electron emission
rent ~Fig. 31! is attributed to emission from the surfac
plasma. The double plasma formation leads to the dra
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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increase of the total emitted electron charge~Fig. 31! in the
backswitching region (0.6ms<tap<2 ms).

Figure 33 demonstrates that electron emission in the
versal mode vanishes if the applied voltage pulse is nar
(t,300 ns). The abrupt decrease of the emitted elect
charge for the narrow applied voltage pulses~Fig. 33! should
indicate a lack of plasma during both forward polarizati
reversal and backswitching of ferroelectric domains. This
sumption is based on the experimental result showing
neither forward polarization reversal current nor backswit
ing current was observed for the narrow applied volta
pulses. One can assume that the short time of reversing
application allows only a few spikelike ferroelectric domai
~if any! to grow through the crystal. The electric field o
noncompensated charges, generated by this process a
free ferroelectric surface, is insufficient for the priming ele
tron emission from the ferroelectric or metal electrode in
ating the surface plasma.

The conclusions of the present section can be sum
rized as follows

~1! Strong electron emission from ferroelectric PLZ
7/65/35 ceramics is a plasma-assisted effect. The sur
flashover plasma may be initiated by either field electr
emission at triple junctions~nonreversal mode! or ferroelec-
tric electron emission induced by a noncompensated ch
arising on the polar ferroelectric surface during polarizat
reversal~reversal mode!.

~2! In the reversal mode a surface plasma may be g
erated due to both forward polarization reversal and bac
witching of ferroelectric domains. This leads to a drastic
crease of the emitted electron charge compared to
caused only by polarization reversal.

~3! The difference in activation parameters of ferroele
tric cathodes is as follows. In the nonreversal mode the t
ger voltage is unipolar whilst the reversal mode is realiz
only by bipolar pulses. The amplitude of the applied volta
pulse for the ceramics PLZT 7/65/35 in the reversal mode
several times less than that of the nonreversal mode.~Other
ferroelectric crystals and ceramics compositions may
found with a very high coercive field that exceeds the vo
age needed for the plasma ignition from the tripple point!

~4! The emission current densities for the reversal a
the nonreversal modes of the studied PLZT 7/65/35 com
sition are comparable. The delay times in the obser
modes strongly differ. The delay time in the reversal mode
much longer than that in the nonreversal mode. This prop
is the principal one which should be observed for any fer
electric cathode. It is explained by the limited velocity of th
ferroelectric domain forward growth.

The important result of this study is a plasma-assis
character of strong electron emission from ferroelectric ca
odes in both modes. The electron beam is extracted from
surface plasma by either the external or the surface pote
of the ferroelectric cathode. Basic features of ferroelec
cathodes in both the reversal and the nonreversal mode
summarized in Table IV for the different materials used~ac-
cording to Shuret al.,16,91,82 Rosenmanet al.,84 Shur and
Rosenman83!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE IV. Basic features of ferroelectric cathodes based on different materials in the reversal and nonr
modes.

Reversal mode Nonreversal mode

Ferroelectric material TGS PLZT 12/65/35
PLZT 7/65/35 PLZT 7/65/35

Phase Ferroelectric only,T,TC No restriction
Dielectric constant No restriction As high as possible
Operating voltage~Applied field!
~i! Polarity ~i! Bipolar No restriction
~ii ! Field intensity applied ~ii ! E.EC As high as possible
~iii ! Rise time of applied voltage pulse ~iii ! Any rise time As short as possible
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III. APPLICATIONS OF ELECTRON EMISSION FROM
FERROELECTRICS

The previous chapter considered two sorts of elect
emission from ferroelectrics. Weak ferroelectric electr
emission is an unconventional effect in which the crys
emits electrons as a result of a small variation of tempera
~pyroelectric effect!, mechanical stress~piezoelectric effect!,
or polarization inversion. The distinguishing feature of fe
roelectrics is a very low conductivity. This allows the pre
ervation of the local surface distribution of induced unco
pensated charges of pyroelectric or piezoelectric orig
corresponding to the distribution of the temperature or
plied mechanical stresses. In the case of polarization swi
ing, the individual operation of ferroelectric domains al
gives rise to a corresponding distribution of uncompensa
surface charges. Ferroelectric emission allows conversio
these charges1 distribution to electron emission flux. The ap
plied technique of position sensitive electron detection
ferroelectrics1,3 resulted in the visualization of the electro
flux by the corresponding optical image. It makes it possi
to develop a new generation of devices, such as thermal
x-ray converters. The most attractive application is a fer
electric flat panel display.

The second phenomenon is a strong emission effect,6,7,18

which resulted in immense efforts to develop and use h
density electron cathodes for microwave generation,
spark switches, etc.

Here we will present some examples of this new gene
tion of devices based on electron emission from ferroe
trics.

A. Ferroelectric electron emission devices

1. Ferroelectric emissive flat panel displays

Use of ferroelectric materials is rather promising for fl
panel display technology. Electrically addressed light val
may be used as a basis for flat panel display.169 Display
devices that are comprised of ferroelectric materials in co
bination with other active~electroluminescent or photocon
ductive! materials have also been proposed.176 An emissive
flat display74,127,75,177,178,5based on electron emission fro
ferroelectrics potentially combines the best attributes of ca
ode ray tubes, such as high efficiency, brightness, and a w
viewing angle, and flat panel displays such as thinness
low weight.

An idea to develop an emissive flat panel display on
basis of ferroelectric thin films<1 mm thick or bulk ferro-
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electric materials thinned down to tens of microns was p
posed by Aucielloet al.,75 Averty et al.,13 Le Bihanet al.,177

Asanoet al.74!. In the first demonstration of PZT thin film
emission by Aucielloet al.75 an emission current density o
1027 A/cm2 was measured. However, according to Sa
payanet al.179 and Gundel178 a charge density of the order o
1 mC/cm2 per frame is required for generating a mid-gr
scale over the entire screen. A charge density of about o
0.1 nC/cm2 is available per pulse according to Auciel
et al.75 This implies that 104 pulses per 10 ms~assuming 100
Hz TV frame rate! should be emitted~1 MHz repetition rate!
from a ferroelectric. The high repetition rate of 1 MHz a
lows one to assume that ferroelectric material fatigue, ca
ing a reduction in the device lifetime, will be a serious pro
lem in developmening a ferroelectric flat panel display.

An experimental model of ferroelectric electron em
sion demonstrating feasibility of the device concept was
veloped by Rosenmanet al.5 To illustrate FEE display fea-
sibility we used ferroelectric TGS plates ofY-polar cut (10
31310 mm). A 50 Hz sinusoidal switching voltage wa
applied between two electrodes. The front electrode was
electron detector—a microchannel plate placed in front of
emitting surface of a TGS sample~Fig. 34!. It should be
noted that this front electrode which is also a switching el
trode should be transparent to electrons, such as a fine gr
a conductive plate with numerous small channels. The s
ond switching electrode, patterned with a required sha

FIG. 34. An experimental setup of a ferroelectric electron emission
panel display.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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was deposited on the rear nonemitting polar surface of
sample~Fig. 34!.

Three different types of silver paint electrodes were u
as rear electrodes. The first sample was coated with a
form electrode. A grid-shape electrode was deposited on
rear surface of the second sample and the electrode o
third sample had a ‘‘21’’ shape. The electron emission fl
was imaged by the use of a phosphor screen. The op
image emerging on the phosphor screen was recorded
charge-coupled device camera~Fig. 34!. The dielectric hys-
teresis loop was measured by the Sawyer–Tower metho
order to analyze the polarization switching process.

Application of a switching voltage larger than 75
caused the appearance of several bright emission points
creasing the voltage gradually up to 300 V resulted in
serving the images shown in Fig. 35. In the first samp
electron emission was observed from the entire polar fr
surface. Electron images of the second and third sam
@Figs. 35~a! and 35~b!# reproduced the above-mentioned re
electrode shapes, respectively. The dielectric hysteresis
measured simultaneously with the image was almost s
rated, indicating complete switching. The experimental
sults demonstrate that the electron flux possesses a sp
distribution coinciding with the rear electrode form.

The electron emission current density depends stron
on many parameters such as switching time, crystal w
function, sample thickness along the polar axis, etc.72 An
emission current of the order of 1027 A/cm2 was measured
under similar experimental conditions by the use of TG
crystals.73 The low conductivity of ferroelectrics makes
possible to retain an uncompensated switching chargeDss

on a free polar ferroelectric surface, exactly at the regi
where switching occurs~display pixels!. Hence, the obtained
distributionDPs(x,y) ~x, y are the surface coordinates! cor-
responds to a distribution of the switching field applied, i.
to the shape of the rear switching electrode~Fig. 35!. If the
resulting electric fieldE is sufficient for the ferroelectric
electron emission, the switched crystal regions~domains!
will represent themselves as local electron emission c
odes. These cathodes may be individually operated by l
domain switching. A pixel shrinking limitation should b
related to a minimal electron emission current which c
activate the phosphor screen. We believe that this will be
main parameter restricting the display resolution.

FIG. 35. Ferroelectric electron emission images for different shapes o
rear switching electrode.
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The observed results show that the FEE display is
and that the dielectric properties of the employed ferroel
tric material allow one to build it in a ‘‘plane-to-plane’’ ge
ometry. Certainly, the data presented demonstrate a s
electron display. Clearly, an array of local ferroelectric ca
odes~pixels! should be operated by an active electrode m
trix deposited on the rear ferroelectric surface.

2. FEE imaging and memory devices

The developed ferroelectric display demonstrates an
portant ability of ferroelectrics to generate electron emiss
from individually operated ferroelectric domains or doma
clusters. It implies a homogeneous coercive field in the fer
electric plate used. Here a specific property of ferroelect
to alter a spatial distribution of the coercive field will b
exploited to visualize a hidden x-ray image and neutron fl
Another example of a potential application of the electr
emission effect is FEE thermal imaging based on pyroe
trically induced FEE.

X-ray or neutron irradiation of dielectric crystals give
rise to the generation of point defects. The damage-produ
mechanism includes both the displacement and the ioniza
of atoms. In these cases the radiation defects bring ab
local mechanical strains in the ferroelectric crystal matr
Unlike linear nonpiezoelectric dielectrics, ferroelectric cry
tals are media without a center of symmetry. Structural
fects in ferroelectrics possess their own dipole mom
Dm.168 For monodomain ferroelectrics, all dipole momen
formed by the defects are oriented in the same direction
macroscopic ‘‘defect’’ polarizationDP5NDm ~N is the de-
fect concentration! arises.180 This polarizationDP is oppo-
site to the spontaneous polarizationPs and causes ferroelec
tric domain clamping. Experimentally observed hystere
loops for irradiated ferroelectrics show the existence of
internal bias field. As a result the coercive field in irradiat
ferroelectrics increases.181

The coercive field and the FEE effect of irradiated ferr
electric TGS crystals were studied.182 Two sorts of x-ray
irradiation were used. Continuous 30 keV x-ray radiati
was employed from a conventional x-ray tube. A puls
x-ray source had the following parameters: energy 500
pulse durationt51029 s. The estimation of the coerciv
field Ec from measured hysteresis loops for crystals irra
ated by a continuous x-ray flux showed thatEc was en-
hanced three times~from 0.25 to 0.75 kV/cm! with increas-
ing irradiation exposure doses in the region 0.83103– 6.3
3105 R.

A FEE image was studied from samples preliminar
irradiated through a lead protected mask of a specific fo
As a result of the irradiation, a part of the sample was da
aged, whilst the other parts were totally protected by
mask. This gives rise to a corresponding distribution of
coercive field when it was larger in the irradiated region th
in the nondamaged region. The FEE image was induced
periodic inversion of the spontaneous polarization of
TGS crystal in a 50 Hz periodic switching field. The expe
mental setup was identical to that previously described. F
ure 36 demonstrates the FEE image of a sample subjecte
an exposure dose of 2.33105 R. The applied switching field

e
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was Esw50.5 kV/cm, which was twice as much as that f
the virgin TGS sample, but it was less than that for the ir
diated sample. The FEE image completely duplicated
form of the protected mask, namely the irradiated central p
did not emit electrons~it is dark! whilst the nondamaged
region of the sample emitted electrons. This method may
used to visualize x-ray hidden images. One of the proble
which should be solved is the limited resolution of t
position-sensitive electron detector-microchannel plate u
which is about 40 lines/mm.

Similar results were observed with a neutron irradia
TGS sample.183 The sample was irradiated from a Cf-neutr
source. This isotope has a complicated spectrum of the
dioactive decay includingg rays and slow and fast neutron
A special screen protected fromg rays and slow neutron
was used and mainly fast neutrons with a flux of 1
31010n/cm2 irradiated the sample. The FEE image demo
strates a distinct contrast where a dark spot is the neu
damaged region~Fig. 37!.

The article183 also reported on FEE visualization of in
frared radiation from a CO2 laser~10.6 mm!. In this experi-

FIG. 36. Ferroelectric electron emission of a hidden x-ray image in a fe
electric TGS crystal.

FIG. 37. A ferroelectric electron emission image of a neutron-irradia
TGS crystal.
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ment FEE was induced by the pyroelectric effect. Sample
polar cut monodomain crystals of LiTaO3 50 mm thick were
used. The FEE effect was measured from aC1 polar face,
whilst the oppositeC2 face was subjected to irradiation from
a CO2 laser (P510 mW/cm2) through a germanium window
in a vacuum chamber. Figure 38 illustrates three photogra
taken every 120 ms. The first photograph shows the F
image corresponding to the profile of the laser beam. T
next segment demonstrates fast broadening of the the
flux along the LiTaO3 pyroelectric target. The third photo
shows the process of sample cooling when the laser
switched off. It was shown that a detectivity of the propos
FEE method of IR radiation visualization was 0.1 mW/cm2.

B. Ferroelectric cathodes and electron guns

1. Basic parameters

The first observation of high electron current density
to 102 A/cm2 ~Gundel et al.6,7! from ferroelectric materials
stimulated the development of ferroelectric cathodes by s
eral research groups~Ivers et al.,9 Jianget al.,10 Sampayan
et al.,11 Cavazoset al.,12 Averty et al.,13 Okuyamaet al.,14

Airapetov et al.,15 Benedeket al.,90 Boscolo et al.,89 Shur
and Rosenman,16,91 Advani et al.,133 Krasik et al.,166 Dunae-
vsky et al.,88,97 Nation et al.184!. A ferroelectric cathode was
compared to a thermionic one in the same gun structure
Jianget al.10 In the same experimental conditions the ferr
electric cathode was able to supply one order of magnit
higher current compared to the thermionic one. Current d
sities up to 10 A/cm2 ~total current up to 36 A! were obtained

-

d

FIG. 38. A ferroelectric electron emission image of an infrared CO2 laser
beam.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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by use of the ferroelectric cathode. A beam brightness~mea-
sured at a beam current of 15 A and an extraction voltag
10 kV! was 1.2331011A/m2 sr. By comparing this value
with corresponding parameters of conventional cathodes~see
the previous text!, one can see that such high brightness v
ues can be achieved by Schottky and field emission cath
only.185,186It should be stressed, however, that generatin
high total current is not achievable with single field emiss
cathodes. In contrast, extremely high total currents are av
able with ferroelectric cathodes. In fact, Advaniet al.133

showed that total electron currents with a peak value of u
1 kA ~pulse width of several microseconds! can be generated
by ferroelectric cathodes. Thus, despite a current densit
hundreds of A/cm2 available from ferroelectric cathodes~ap-
proximately the level of Schottky cathodes!, none of the
above-mentioned conventional cathodes can achieve
high total currents generated by the use of ferroelectrics

According to Sampayanet al.11 the measured electro
beam brightness was;109 A/m2 sr ~beam current from 6 A
at 11 kV up to 42 A at 21 kV!, which is two orders of
magnitude lower than that measured by Jianget al.10 This
implies considerable scattering in brightness values for
ferent ferroelectric electron guns. Obviously, additional e
perimental studies are needed to determine the typical e
tron beam brightness that ferroelectric cathodes
demonstrate.

In the early papers devoted to the strong electron em
sion from ferroelectrics~see, e.g., papers by Gundelet al.,81

Ivers et al.,9 Airapetov et al.15! the electron current puls
duration did not exceed several hundreds of ns. Rece
electron current pulse duration was extended to a micro
ond time scale.90,95,133,83Generating long~microsecond time
scale! and flattop current pulses is a matter of importance
high power microwave devices.187

The triggering mode of ferroelectric cathodes includ
the polarity and application technique of the voltage appl
to a ferroelectric cathode. The latter implies that the trig
voltage can be applied to either the rear~solid! or the emit-
ting ~grid or strip! electrode. Dependencies of emissi
current90 and electron energy95 on the triggering mode were
studied. A study conducted by Shuret al.91 showed a crucial
role of the cathode triggering mode in broadening the e
tron energy spectra and cathode perveance. The perveanP,
defined by the relationP5I /V3/2, whereI is the gun current
and V is the voltage,188 is one of the basic parameters
electron guns. The perveance reached by a gun with a n
tive trigger voltage applied to the front electrode91 was as
high as 67mP, while with the same trigger voltage applied
the rear electrode the perveance was only 11mP. Neverthe-
less, both of these values exceed by more than one ord
magnitude a typical perveance for thermoinic cathodes188

However, a perveance of about 280mP has been achieved i
an electron gun with a plasma cathode based on the ex
tion of electrons from a hollow cathode discharge.189 One
can conclude that a high perveance, which is a typical fea
for plasma cathodes, can also be reached by ferroele
cathodes based on the extraction of the electrons from a
face flashover plasma. It is interesting to note that a p
veance of 10–15mP with a negative trigger voltage applie
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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to the rear electrode has also been achieved by Jianget al.10

and Sampayanet al.11

Relative timing between the trigger voltage pulse a
plied to a ferroelectric sample and application of the acc
erating cathode-collector voltage appears to be an impor
factor influencing ferroelectric cathode parameters. The
layed gap voltage application, which has been studied
several investigators~Sampayanet al.,11 Flechtneret al.,95

Advani et al.133!, showed the existence of an optimal del
time allowing a maximum current density to be generated
the ferroelectric cathode. The experimental optimal de
time was found to be within the range 0.4–5.0ms. Beyond
this time interval the current drops and consequently v
ishes.

Recently Dunaevskyet al.88,97,190studied the operation
of an electron diode based on a ferroelectric cathode un
the application of high voltage anode–cathode pulses~<45
kV with a repetition rate of 5 Hz and<250 kV in a single
shot mode!. The obtained results indicate that the source
charged particles is a plasma which is formed on the fr
electrode of the ferroelectric due to an incomplete surf
discharge. Unpoled ferroelectric PZT samples with the fr
surface covered by copper strips were used. The solid
electrode was made of copper. The samples were place
side a cylindrical aluminum box with or without covering th
output window by a stainless steel grid. In these experime
besides the commonly controlledI –V characteristics of elec
tron diode, studies of electron beam uniformity~by use of an
array of CFCs and a soft x-ray image of the electron bea!
and potential distribution inside the anode–cathode gap~by
use of HV floating probes! were carried out. In addition
light emission from the anode–cathode gap was studied
fast framing camera.

In the experiments with framing photos, a nonpoled P
sample was placed at a distance of 10 mm from the ou
cathode grid. A negative driving pulse (Vfe53 kV,tdr

'10ms) was applied to the rear electrode of the sample.
anode–cathode gap of 20 mm was used in this set of exp
ments. Framing photos~20 ns frame! were taken with a time
delay of 200 ns from the start of the driving pulse. When t
PFN ~pulse forming network! pulse~Va535 kV, pulse dura-
tion '20 ms! was applied prior to the driving pulse, th
observed electron current in the diode wasI e'80 A ( j e

'10 A/cm2, te'500 ns). This current started almost simu
taneously with the application of the driving pulse. When t
driving pulse was applied, light emission appeared at
anode surface and later weak light emission was observe
the surface of the output cathode grid~see photo 1 in Fig.
39!. After 200 ns the anode and the cathode light-emitt
regions had a width of a few mm with a smooth bounda
The light intensity in these regions decayed almost simu
neously with the end of the electron beam current in
diode. The weak intensity and the fast decay of the lig
emission indicated the absence of an explosive emis
plasma.

The light emission changed when the PFN pulse w
applied with td'1.5ms ~see photo 2 in Fig. 39!. In this
regime electron emission started simultaneously with the
plication of the PFN pulse with the diode current amplitu
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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6150 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Appl. Phys. Rev.: Rosenman et al.
increasing in time. In this case, a bright layer, which a
peared at the output cathode grid at the beginning of the P
accelerating pulse, was observed. Further, this layer sp
with a velocity of (1 – 2)3106 cm/s and intersected with th
anode plasma~see photo 3 in Fig. 39!. At this instant a fast
increase of the diode current accompanied by a fast decr
of the accelerating voltage were observed. We think that

FIG. 39. Framing photos of the visible light emission observed from
planar diode for two different cases: accelerating voltage is applied p
~frame 1! to and after the start of the driving pulse~frames 2 and 3, were
taken with a time delaytd51.5ms!. Frame 2 was taken at 200 ns from th
start of the driving pulse, and frame 3 at 750 ns. The frame duration is 2
A—anode; C—cathode.
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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regime is related to the plasma prefilled operation of
electron diode with the formation and expansion of the
plosive plasma.

The plasma nature of a ferroelectric electron source w
shown in experiments with an electron diode. It was sho
that the temporal behavior of the diode impedance stron
depends on the time delay between the application of
driving pulse and the beginning of the accelerating pul
Without the plasma prefilling of the anode gap the dio
impedance decreases within the accelerating pulse due t
explosive emission plasma expansion. In the case of the
sence of the explosive emission plasma and an infinite so
of electrons, the diode impedanceZd should be proportiona
to Va

21/2. However, in the experiment a rising or quasico
stant impedance was observed that can be associated
with the preliminary plasma prefilling of the anode–catho
gap.

It was found that in the plasma prefilled regime, electr
beam generation with a current density of several hundr
of A/cm2 is possible~with an applied accelerating voltage o
several tens of kV!. By properly adjustingtd , Vfe , Va , and
dac, an electron beam with duration of several hundreds
nanoseconds was obtained. In addition, depending on
values of td , Vfe , Va , and dac, diode operation with or
without the formation of an explosive emission plasma w
observed. Besides, we obtained diode operation with a q
sistationary boundary of the plasma which provides almo
constant diode impedance.

According to the results, it is evident that the diode o
eration as well as the characteristics of the extracted elec
beam depend strongly on the parameters of the driving pu
the parameters of the accelerating voltage source, and
cathode geometry. The large divergence in the amplitude
duration of the extracted electron beams observed in pr
ous studies can be explained by differences in the abo
mentioned experimental conditions. The present resea
shows that plasma cathodes, based on ferroelectric mate
can be successfully used in an electron diode configuratio
generate high-current electron beams. Extensive experim
tal data dedicated to the subject have been presented in
paper by Dunaevskyet al.88

Recently an electron gun device supplying a few hu
dred amperes at 500 keV and based on a ferroelectric c
ode was developed.191 The gun should be used to genera
high power microwaves by the use of a TWT amplifier. T
ferroelectric cathode was based on PZT prepoled ferroe
tric ceramics 1 mm thick with an exposed cathode area of
cm2. A thin grid consisting of a number of 200mm width
silver strips, spaced 200mm from each other was deposite
on the front ferroelectric surface. The grid was grounded a
a positive trigger voltage pulse of 1 kV was applied to t
rear surface of the ferroelectric sample. Emission was
served as 250 ns width pulses in a repetitive mode~1 Hz
repetition rate!. An electron current density as high as 12
A/cm2 was observed. The rise time of the electron be
current was less than 20 ns. The authors assumed that
emission from triple points may lead to plasma formation
the ferroelectric surface.

e
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The above-considered results show that high qua
pulsed electron guns based on the ferroelectric cathodes
be developed for use in high power microwave generat
According to Thumm,192 in high power cw~or long pulse!
gyro-devices thermionic impregnated dispenser cathode
thermionic lanthanum hexaboride are mostly used. Sh
pulse high power gyro-devices also use cold cathode ex
sive emission guns.192 High current ferroelectric cathode
have a potential to change the situation in this field a
preliminary results demonstrating the use of such catho
for CRM ~gyrotron! microwave oscillators.19,193 Besides
high total current and brightness, basic advantages of
ferroelectric cathodes for microwave applications are th
ruggedness, absence of high vacuum requirements, in
turn-on capabilities, ease in manufacturing, and low cost

2. Electron energy spectra of ferroelectric cathodes

The electron energy spread is an important quality fac
for electron sources and may play a crucial role for appli
tions of these cathodes, especially in microwave tubes. E
tron energies were measured by the retarding poten
method by Gundelet al.,81 Iverset al.,9 and Flechtneret al.95

Gundelet al.93 measured the emitted charge versus dece
ating voltage on a retarding grid in order to estimate
energy spectrum of the electrons emitted from the ferroe
tric cathodes. The emitted charge decreased gradually
increasing the retarding potential, thereby demonstrating
different slopes of the resulting emitted charge—decelera
voltage plot.93 The plots showed that the electron ener
spans from 0 up to several kV corresponding to the am
tude of the negative trigger voltage applied to the rear e
trode of the cathode. Thus, the measurements by Gu
et al.93 showed a rather wide electron energy distributi
from zero energies up to values slightly higher than the ne
tive trigger voltage applied to the rear electrode of the fer
electric cathode.

Qualitatively similar results for negative pulses appli
to the rear electrode were presented by Flechtneret al.95 Fur-
thermore, Flechtneret al.95 showed that the electron energi
were much higher with a negative trigger voltage compa
to a positive one. Applying positive trigger pulses to the re
electrode, Iverset al.9 measured low energies of the emitte
electrons~up to 60 eV!. However, Flechtneret al.95 found
that one can increase the electron energies up to abou
trigger voltage value~>1 keV! by applying a negative trig-
ger voltage pulse to the rear electrode.

Auciello et al.75 measured emitted electron energies
ing the CMA of an Auger electron spectrometer. A sha
electron energy distribution~full width at half maximum
'30 eV! was observed by exciting a 110-mm-thick ferro-
electric cathode with a negative trigger pulse via the r
electrode~after restoring the polarization vector by a positi
pulse!. A sharp energy distribution centered around 265
remained the same for excitation~trigger! voltages within the
300–400 V range.75

A detailed study of the electron energy spectrum a
function of the triggering mode was conducted by Sh
et al.91 Figure 40 shows an electron energy spectrum o
PLZT ceramic cathode, triggered by negative voltage pu
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applied to the front electrode, compared to the same volt
applied to the rear one. The energy spectra are quite dif
ent. The latter electron energy spectrum~the cathode trig-
gered via the rear electrode! is much wider with a full width
at half maximum of about 1100 eV, while the former on
~the cathode triggered via the front electrode! is about 100
eV. Moreover, in the case of triggering via the front ele
trode, the maximum of the spectral distribution is shift
toward higher energies by'400 eV.

To interpret the electron energy spectra, a static poten
distribution at the cathode surface was simulated@Figs. 41~a!
and 41~b!# for both triggering modes. The partial differentia
equationTOOLBOX for MATLAB , utilizing the finite element
numerical technique was used. One can see that in the
of triggering via the front electrode~modeB!, at the initial
stage of the surface flashover the electric fieldEn is retarding
for plasma electrons@Fig. 41~b!#. Therefore, the electron
together with ions may reach the expander grid where cha
separation occurs@Fig. 41~b!# due to the plasma expansio
gradient. If the plasma inside the expander has a nega
potential close to the applied trigger voltageVtr , the elec-
trons will be pushed out of the plasma by the accelerat
potential difference between the grounded intermediate
and the negative plasma potential@Fig. 41~b!#. The experi-
mental electron energy spectrum~Fig. 40! is rather narrow in
modeB, and it probably corresponds to the potential dist
bution in the plasma, which should be narrower than tha
the dielectric surface@Fig. 41~a!#.

FIG. 40. Experimental electron energy spectra for the same negative tri
voltage (uVtru51800 V) applied to the rear electrode~upper graph! and to
the front ~ring! electrode~lower graph!.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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One can see from Fig. 41~a! that there is reasonabl
agreement between the wide electron energy spectrum m
sured and the calculated surface potential distribution in
case of the triggering via the rear electrode~mode A!. In
mode A the electric fieldEn is accelerating for electrons
Therefore, electrons already in the vicinity of the ceram
surface may be extracted from the plasma due to a
plasma density in modeA. Hence, one can assume that
mode A the electron energies should follow a rather wi
surface potential distribution@Fig. 41~a!#.

Estimations of the expanded plasma density in modB
from the measured ion current showed that it is of the or
npl'33109 cm23. Additional estimations showed that th
plasma density near the cathode surface could be as hig
npl'1012cm23.

Examining the literature related to surface flasho
physics, one can see that desorption of adsorbed gases o
prior to surface flashover~Bugaevet al.,148! Avdienko and
Malev,163 Gray194!. According to these studies molecules c
travel ~1–5! mm after being desorbed before flashover b
gins. This implies that the initial ionization occurs in a ve
thin layer of desorbed gas~1–5! mm adjacent to the dielec
tric surface, which may be considered as the initial plas

FIG. 41. ~a! Calculated static potential distribution at the ceramic catho
surface for the triggering mode A~Vtr521800 V is applied to the rear
contact! compared to the energy spectrum of the emitted electrons.~b! Cal-
culated static potential distribution at the cathode surface for the trigge
mode B ~Vtr521800 V is applied to the ring electrode! with a simplified
electric field diagram.
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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layer thickness. For the above-estimated plasma density
the cathode surface (npl'1012cm23) and a typical electron
temperature of 1 eV, the Debye length isLD'7.4mm,
which is rather close to the range of~1–5! mm. This implies
that during plasma generation the plasma density is also
fluenced by the potential of the ceramic surface@Figs. 41~a!
and 41~b!#.

Thus, the ionization process within the streamer is
companied by charge separation due to the charged diele
surface. It should be noted that this qualitative explanat
and diagrams of Fig. 41 may not be applicable for furth
stages of the flashover characterized by dense plasma
eration.

Studies of temporally and spatially resolved ener
spectra of charged particles emitted from ferroelectric ca
odes were recently conducted by Dunaevskyet al.195,190

Ferroelectric cathodes based on unpoled and poled PZT
~B540 mm, d52 mm, « r'4000! were used in this re-
search. The front electrode consisted of a structure of in
connected 1.5 mm width strips with a 1.5–2 mm spac
between the strips. The cathodes were operated by appl
a driving pulse~Vfc52 – 10 kV, tp5500 ns! of either posi-
tive or negative polarity to the front or to the rear electro
of the ferroelectric samples.

For measuring the energy of the emitted charged p
ticles an electrostatic spectrometer was used. A system
diaphragms limited the divergence of the microbeam
about 3 mrad. Deflection of the microbeam occurs when
passes the region between two parallel electrodes with a
electric field between them. To analyze the deflected char
particles a gated~700–1000 V, 60 ns! MCP with a phosphor
screen placed behind it was used. A framing cam
4Quick05A was used to observe the electron pattern on
phosphor screen. It was determined that the sensitivity of
spectrometer is<20 mA/cm2. For aligning the spectromete
opposite different regions of the cathode, a HeNe laser
used.

With a positively poled PZT sample, electrons with a
energy of<2 keV were obtained when the amplitude of th
positive driving pulse applied to the rear electrode was<6
kV. For the case of a negative driving pulse applied to
rear electrode, no deflected electron microbeam patte
were observed. A similar situation was realized for the ne
tively poled PZT sample, i.e., no electron microbeam p
terns were observed for the positive driving pulse applied
the rear electrode. In the case of a negative driving pu
applied to the rear electrode, the energy of electrons
found to be<1.3 keV when the amplitude of the drivin
pulse was 4 kV.

For unpoled PZT samples the energy of the emitted e
trons also does not exceed 1.4 keV when the amplitude
the negative driving pulse applied to the rear electrode w
<4.5 kV. Energetic electrons and ions (Ee,I<4.2 keV) were
observed when a positive driving pulse was applied to
front electrode of both unpoled and poled PZT samples.

Thus, the same qualitative results concerning the ene
of the emitted electrons and ions were observed with po
and nonpoled PZT samples. Namely, the authors obse
neither electrons nor ions with energies exceeding the d

e

g
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ing pulse amplitude when it was applied to either a rear
front electrode.

The variation in energy of electrons emitted from diffe
ent regions of the ferroelectric cathode surface can be
plained if one assumes that the plasma density decre
from the strip electrode edge toward the middle point of
space between the strips. A part of the plasma ions are
tracted to the ferroelectric surface in order to compensate
negative surface charge. In this case the plasma may ha
noncompensated negative potential which increases tow
the middle point between the two strips. This negative
tential leads to the emission of electrons with increased
ergy from the plasma. Certainly, this explanation needs
ditional proof; for instance, by nondisturbing spectrosco
measurements of the temporal and spatial distributions of
surface potential.

When a negative driving pulse was applied to the fro
electrode, the energy of the emitted electrons was alm
equal to the amplitude of the driving pulse. This result
consistent with the plasma model because in this case
simple diode configuration was realized. Indeed, the entra
diaphragm of the spectrometer serves as a grounded a
with respect to the ferroelectric plasma cathode. This sug
tion is consistent also with the observation of energetic i
when a positive polarity driving pulse was applied to t
front electrode. Taking into account the time of flight whic
ions need in order to pass from the cathode to the MCP,
can conclude that the ion emission begins within the fi
10–20 ns of the positive driving pulse. We believe that o
a plasma formation model can explain the observation
ions with energies determined by the driving pulse am
tude.

The existence of the energetic charge particle flux em
ted by the ferroelectric cathode, together with plasma pre
ing the electron diode, virtually explain numerous expe
mental results where a considerable increase of the emis
current above the space charge limited value was dem
strated. Indeed, it is well known that the comparison of
observed electron current density with a space charge lim
one can be valid only in the case of a vacuum diode w
zero initial electron velocity. The data above-mention
show that this is not the case when ferroelectric cathodes
used.

3. Lifetime of ferroelectric cathodes

Some basic parameters of ferroelectric cathodes suc
electron current density, brightness, perveance, and en
spectra have been studied by M. Einat. These studies d
onstrated fairly good figures of merit compared to class
electron sources. It was shown previously that regardles
the phase state and modes of the initial electron emis
excitation~ferroelectric electron emission under polarizati
reversal, field-induced phase transition, or field emiss
from triple junctions!, the strong emission from ferroelectr
cathodes is a plasma-assisted effect. One may assume
the surface flashover plasma should cause damage to
cathode surface, influence reproducibility of the emiss
current, and limit the cathode lifetime. Recent publicatio
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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reported observations of erosion of deposited front patter
electrodes and the ferroelectric surface itself.92,82,85

In this paragraph an experimental study of the lifetim
and the reproducibility of ferroelectric cathodes, which
extremely important for predicting future applications, w
be presented. This study was conducted with ferroelectric
different crystal structures, different phase states, and in
ferent modes of electron emission excitation~with and with-
out polarization reversal!. The ferroelectric ceramics PLZT
12/65/35, PZT~APC-856!,196 and TGS ferroelectric single
crystals were investigated. These materials are related to
ferent phase states: TGS crystals and poled PZT~APC-856!
ceramics possess macroscopic spontaneous polariz
~ferroelectric state!, whilst PLZT 12/65/35 composition is in
the paraelectric phase, and it represents a linear diele
with high dielectric permittivity of« r'3400.

The experimental setup was traditional for ferroelect
cathode studies. A continuous electrode was applied to
rear surface of the sample~rear electrode!. Different pat-
terned electrodes~strip, grid, or ring! were deposited on the
front emitting surface~front electrode!. In the experiments
with TGS crystals a fine copper grid~4 mm wire diameter, 16
mm period! was used. A brass washer with internal diame
of 3.4 mm served as the front electrode. TGS monodom
crystals 0.5 mm thick were tested in the reversal mode w
a continuous sinusoidal~ac! voltage (Vrms5250 V) of 100
Hz frequency, applied to the rear electrode for 30 min. T
PLZT 12/65/35 ceramic samples were subjected via the fr
electrode to negative rectangular high voltage pulses with
following parameters: 1.5 kV<uVtru<2.5 kV, pulse width of
t tr5150 ns, and repetition rate of up to 10 kHz. In both t
TGS and PLZT 12/65/35 experiments mentioned previou
ion and electron emission currents were measured by a
limated Faraday cup~CFC!. The surface damage was in
spected by reflected light optical microscopy. All expe
ments were conducted in a vacuum of;1025 Torr.

A lifetime test was performed on a PZT~APC-856! 10
31031 ceramic sample using a nonreversal mode of
emission excitation. The cathode was subjected to mono
lar negative rectangular voltage pulses~,1 kV with a rep-
etition rate of 100–200 Hz and a rise time of less than 1
ns! via the front electrode. The emission current was m
sured by a Faraday cup. Six consequent cycles of appare
10 min each were performed. The reproducibility of the ele
tron emission current was investigated after each conseq
cycle and the damage to the sample was investigated
20, 40, and 45 min of the cathode operation.

The lifetime test with TGS ferroelectric monocryst
cathode showed that the threshold voltage required for
emission excitation was as small as 100 V. Both ion a
electron emission currents were observed.82 The examination
of the TGS crystal surface demonstrated a strong damag
the emitting surface. A grid pattern identical to the prima
grid electrode was observed on the surface. XPS anal
resulted in the discovery of copper atoms implanted into
TGS crystal matrix, as a result of screening the depolar
tion field by ions from the plasma during polarizatio
reversal.82,84 The experiment showed that cathode operat
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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led to evaporation of the copper grid electrode.
The PLZT 12/65/35 cathode was operated at a 1 kHz

repetition rate. Electron current irreproducibility was o
served from the first seconds of the cathode operation. At
end of the test, the time duration of the electron current
been reduced from 100 ns at the beginning to short spike
several nanoseconds, and the number of missed pulses
more than 50%. Severe damage was observed in the te
sample~see Fig. 42!. A hole of 0.5 mm diameter completel
through the center of the ring electrode was found after
min of continuous work.

Studies of PZT~APC 856! ceramics showed that the firs
high voltage pulses~applied to the cathode manually fo
verification of the emission current parameters! caused sev-
eral stable electron emission current pulses with'5 A peak
current. Periodic operation with a repetition rate off
5100 Hz caused a decrease of the electron current.
maximum peak value of the electron current wasI 53.1 A.
Subsequently testing the PZT cathode at a frequencyf

FIG. 42. Damage of the ferroelectric sample PLZT 12/65/35 after 30 mi
continuous operation.

FIG. 43. The electron emission current-pulse charge degradation from
ceramics.
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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5100 Hz led to a gradual degradation of the electron curr
parameters. After 1 min of cathode operation~63103 shots!
two distinct peaks, instead of one peak, were observed.
maximum current decreased toI 52.2 A. Subsequent testin
showed that the emission current pulse durationtdur de-
creased fromtdur5200 ns in the first 63103 shots, totdur

5120 ns after 1903103 shots. Considerable reduction wa
observed in the emission charge, which characterizes a
emission capability of the cathode per pulse. The emit
charge decreased by a factor of 3 during the test, from
31027 C per pulse to 0.931027 C per pulse. Figure 43
shows the dependence of the electron emitted chargeQ per
pulse versus the number of shots.

It should be noted that despite the rather low repetit
rate (f 5100 Hz) the electron current did not appear for ea
applied high voltage pulse. While at the first stage of the t
a current pulse was observed for each shot; at the last s
after 5003103 shots, about 20%–30% of the high voltag
pulses produced a current pulse.

During the experiment, a gradually growing damage
the cathode surface was observed—from a small local d
aged point on the surface at the beginning to severe dam
leading finally to total destruction of the cathode bulk. T
surface damage development was correlated to a reductio
the measured electron current.

It has been shown previously that ferroelectric catho
may be operated in two different plasma-assisted modes.
first mode is a reversal mode when surface plasma follow
by strong electron emission is initiated by polarization rev
sal. The nonreversal mode is observed when a ferroele
material is in the paraelectric phase or when a material in
ferroelectric phase is subjected to an applied field of
same direction as that of spontaneous polarization vec
thus eliminating polarization reversal.

The studied ferroelectric cathodes relate to differe
phase states. The strong electron emission was excite
both of the above-mentioned modes. The TGS ferroelec
crystals were investigated in the reversal mode where an
plied sinusoidal voltage causes periodic inversion of spon
neous polarization. Both ferroelectric ceramics that were
sociated with quite different phase states were tested in
nonreversal mode. The ceramic PLZT 12/65/35 does
possess spontaneous polarization at all. Application of
petitive unipolar high voltage pulses to PZT~APC 856! ce-
ramics also eliminated polarization reversal. Regardless
all the above-mentioned differences between the stud
ferroelectric cathodes, in both emission excitation modes,
following common features were observed:~a! strong elec-
tron emission,~b! visible light emission,~c! ion emission,~d!
erosive surface damage, and~e! irreproducibility of electron
current and charge at high repetition rates. The points~a!–~e!
are evidence that strong electron emission is a plas
assisted effect.

A surface plasma in a vacuum may be generated in
ways. The first one is desorption and ionization of atoms a
molecules of residual gases localized on the ferroelectric
face. The second way is sputtering and evaporation of
surface atoms from the ferroelectric cathode material
electrode. The repetition rate of the applied high volta

f

T
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Downloaded 29
TABLE V. Basic parameters of conventional and ferroelectric cathodes~parameters of the conventional cath
odes are according to Reimer—Refs. 198, 199!.

Cathode type

Cathode
temperature

Tc ~K!

Emission
current density

j c ~A/cm2!
Brightnessb,

A/~cm2 sr!

Energy
spreadDE

~eV!

Thermionic
~tungsten!

2500–3000 1–3 (0.3– 2)3105 for E520 kV 1–2

Thermionic~LaB6! 1400–2000 20–50 (3 – 20)3105 for E520 kV 1
Schottky emission
~ZrO/W!

1800 500 107– 108 for E520 kV 0.8

Field emission
~cold cathode!

300 23105 107– 108 for E520 kV 0.2–0.4

Field emission
~heated cathode!

1800 53106 107– 108 for E520 kV 0.5–0.7

Ferroelectric 300 100~total
current up to 1 kA!

105– 107 for E510– 20 kV 30 eVa

>100 eVb

aReference 75.
bReference 91.
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pulses determines which of the processes dominates.
known that in a vacuum of 1025 Torr at ambient tempera
ture, a monolayer of air will be adsorbed on the ceram
surface in 0.2 s.197,198 Since the lowest repetition rate use
was 100 Hz, the longest time period was 0.01 s. This me
that for all studied ferroelectric cathodes, plasma format
occurred as a result of the cathode and electrode mate
The observed strong damage of the cathodes is a na
effect occurring as a result of surface flashover plasma
mation. Obviously, at the final stages of cathode opera
when the damage becomes critical, the irreproducibility
the electron emission current from the ferroelectric cath
increases. The observed changes of the current shape
emitted charge per pulse is evidence that ferroelectric c
odes have limited reproducibility and lifetime when opera
in a repetitive mode. The observed lifetime for the cathod
based on the PZT~APC 856! ceramic and operated at th
repetition rate of 100–200 Hz, was;106 current pulses of
0.2 ms duration.

The presented experimental data show that the lifet
of ferroelectric cathodes operated at high repetition rate
limited. Nevertheless, it can be compared to velvet a
carbon-fiber cathodes, which also operate in a pulse m
and have a limited lifetime of;104 and ;106 pulses, re-
spectively.

4. Brief summary

Basic parameters of conventional and ferroelectric ca
odes are given for comparison in Table V~all data for con-
ventional cathodes are taken from Reimer.199,200! One can
see from Table V that ferroelectric cathodes have sev
advantages over conventional ones, such as high elec
emission current density, high brightness, and ambient t
perature operation. A typical emission current density
ferroelectric cathodes is of the order of 100 A/cm2, which is
less than that for Schottky and field emission cathodes. N
ertheless, the total emission current from the ferroelec
cathodes can be as high as 1 kA,133 which is hardly achiev-
able by conventional cathodes. However, the energy sp
is orders of magnitude broader than that for the conventio
 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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electron cathodes. This implies that ferroelectric catho
can be used only in devices tolerating such a large ene
spread without performance degradation. Additional stud
of the brightness parameter should be conducted. A brig
ness value of 105 A/~cm2 sr! measured by Sampayanet al.11

is achievable with thermionic tungsten cathodes.

5. Ferroelectric thin film cathodes

One of the most attractive applications of FEE cathod
are devices based on ferroelectric thin films. To the bes
our knowledge, only three research groups have stud
ferroelectric thin film cathodes~Asano et al.,74 Auchello
et al.,75 Sviridov et al.76!. As shown in Part A of this pape
the ‘‘plane-to-plane’’ geometry~Fig. 12! allows one to in-
duce in ferroelectric thin films a field Edout

,103– 105 V/cm, which is too small for FEE generation
The experimental setup used for the development of thin fi
ferroelectric cathodes74–76 was identical to the setup pro
posed by Gundelet al.6,7 where a patterned electrode wa
fabricated on the polar surface of a ferroelectric ceramic

FEE from nonpoled PZT samples 30–45mm thick in
low vacuum 1022 Torr was studied by Asano.74 No details
were presented on either the ceramic composition or
phase state. A field 25–75 kV/cm was applied to an eva
rated strip Al electrode. A FEE current of 0.7 A/cm2 was
observed with a negative voltage pulse. It was proposed
FEE might be used in vacuum electronic devices, such
microtriodes and flat panel displays.

A low voltage triggering FEE was investigated b
Auciello et al.75 from PZT ferroelectric thin films 0.8mm
thick obtained by the sol-gel synthesis technique as wel
from PLZT plates mechanically thinned to be;110 mm
thick. A photolithography patterned Pt electrode was dep
ited. Polarization reversal of the studied thin film samp
was thoroughly verified by measuring dielectric hystere
loops. PLZT cathodes, excited by a switching voltage
100–400 V, demonstrated a FEE currentj
50.5– 1.5 mA/cm2. The measured energy spectrum show
a sharp electron energy distribution aroundWe;265 eV
~comparable with the triggering switching voltage! and a
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FWHM ;30 eV. PZT thin film samples generated a we
FEE current in the range 0.07–0.15mA/cm2 under applica-
tion of a switching voltage of 10–40 V (1.25– 5.
3105 V/cm). Important measurements of FEE current rep
ducibility showed that a stable FEE current is observed u
only 105 cycles of polarization switching. A fatigue test o
identical samples with continuous oxide electrodes indica
that successful operation could be extended to 1012 cycles.75

A group of researchers, headed by LeBihan, studied F
from TGS and PLZT cathodes with different thickness
from 1 mm to 6mm along the polar axis~Averty et al.,13 Le
Bihanet al.177!. A patterned steplike electrode of various p
riodicity, as conventionally used for ferroelectric cathod
was deposited by thermal evaporation. Two differe
schemes for measureming electron current were used
electron multiplier detected weak FEE currents and a sys
containing a grid electrode and a collector was used
strong emission. The weak FEE current was studied und
100 Hz sinusoidal switching field. FEE appeared at a swit
ing field of 5 kV/cm for a TGS 1 mm thick, and this thres
old excited field increased dramatically to 25 kV/cm for thi
ner TGS samples 40mm thick. Simultaneous measuremen
of FEE and the switching current allowed the observation
a correlation between the two currents and an explanatio
FEE by the polarization inversion model. A FEE current f
TGS and PZT ceramics 100mm thick was 3 and 20 A/cm2

correspondingly. A discharge plasma and strong damage
observed for a higher FEE current. It was found that
thinner the sample, the smaller the FEE current. The
served peculiarities for samples with different thickness m
be related to changes of the switching field distribution13

Qualitative consideration of the normal component of
switching field showed that the switched area and the F
current increases with an increase in the sample thickn
The authors of Ref. 13 attempted to optimize the relat
between the sample thickness and the width of the elect
strips. New data were recently published by Sviridovet al.76

who studied the FEE current from PZT films severalmm
thick using an electron multiplier. The authors observed
FEE effect using an applied field in nonreversal mod
‘‘dielectric’’ electron emission. A measure of the FEE cu
rent was 106 counts/s, which corresponds to 10212A. FEE
was highly stable for 43106 cycles of the switching field.
The authors believe that this method of FEE excitation eli
nates the fatigue problem.76

C. Ferroelectric devices based on strong electron
emission

1. Gas spark switches

A low pressure hollow cathode switch, triggered by
pulsed electron beam emitted from a ferroelectric catho
was developed at CERN,8 for the CERN Large Hadron Col
lider beam dumping system.128 The electron beam was tran
ported from the interior of a hollow cathode into the ma
gap of the switch for initiating~with nanosecond precision! a
gas discharge with a maximum current of 45 kA.127 The
switching efficiency and long-term reliability of the devic
has been reported.127
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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Bergmannet al.201 used a cathode, based on high diele
tric constant material,152 to trigger a radial multichanne
pseudospark switch. Distributing a current to several d
charge channels allows one to achieve higher discharge
rents. This triggering method without any restrictions for t
switch geometry tolerates low working gas pressures~,10
Pa! that make such trigger units inefficient when using glo
discharge triggering.201

2. High-frequency electron beam modulation

Current modulation of an electron beam, i.e., spa
charge modulation, is one of the key problems in electro
devices used to generate high-frequency radiation.202 Re-
cently a new phenomenon related to electron beam h
frequency modulation observed in an electron diode wit
plasma ferroelectric cathode has been reported.21,203The ex-
perimental setup was similar to that shown in Fig. 19.
positive polarity high voltage~HV! pulse ~25–45 kV! was
generated by a pulse forming network~PFN generator!. To
produce the plasma, unpoled ferroelectric samples BaT3

and PZT were used. The front surface of the samples
covered by copper strips. The samples were placed insid
aluminum box with an output window covered by a stainle
steel plate. The plasma was created by applying a driv
pulse~Vfe52 – 8 kV, tp5500 ns! of either positive or nega-
tive polarity to the front electrode of the ferroelectr
samples.

In addition to the diagnostics set shown in Fig. 19, t
authors used a B-dot loop placed inside a vacuum cham
and microwave detectors were placed outside the chamb
measure the HF radiation. The potential distribution ins
the cathode box was studied by an array of HV floati
probes.

HF modulation was observed with an accelerating vo
age of>30 kV for both BaTiO3 and PZT samples. The elec
tron beam current modulation was 60%–70%, and was 10
in some shots. It was found that the appearance of HF mo
lation did not depend on the polarity of the driving pul
applied to the front electrode.

It was found that HF modulation started with a delay
(1.060.3)ms after the application of the driving pulse. H

FIG. 44. Typical example of the Fourier analysis of the B-dot loop sign
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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modulation was observed up to 35ms when the amplitude o
the quasiconstant electron current remained at a level>2 A.
An analysis of the low-frequency and high-frequency co
ponents of the currents allowed the authors to conclude
there is no electron emission from the output grid and t
the plasma inside the cathode box supplies the electrons

A typical example of a fast Fourier transform analysis
the oscillation frequency spectrum is presented in Fig.
The observed frequency peak has a narrow bandwidth~<5%
at the 20 dB level!. It was found that the frequency wa
independent of the amplitude and the polarity of the driv
pulse applied to the front electrode of the ferroelect
samples. In addition, the authors did not observe change
frequency during the pulse of HF oscillations. Finally, it w
shown that the frequency could be controlled over a br
range by changing the length of the input cable for the d
ing pulse.

The measurements of the plasma parameters showed
at the time of the appearance of the HF modulation
plasma density was of the order of (563)31011cm23, and
the plasma expansion velocity was (1.560.2)3106 cm/s.
The data obtained by Penning probes showed that the ne
density in the vicinity of the ferroelectric sample isnn

'1014cm23, and the neutral flow velocity is of the order o
(1 – 2)3105 cm/s. The measurements of the potential dis
bution between the front electrode and the output cath
grid showed a significant increase in the amplitude of
negative signals from the probes when the HF oscillati
started.

On the basis of the above-mentioned experimental d
the authors proposed a qualitative model. According to
model, the application of the driving pulse to the front ele
trode of the ferroelectric sample causes surface plasma
mation. An accelerating voltage application to anode lead
the acceleration of plasma electrons only when they app
in the vicinity of the output cathode grid. Since the observ
current density of the electron beam is lower than that p
dicted by the space-charge law, the authors conclude
electrons are emitted from the plasma boundary behind
output cathode grid. It was also assumed that the pla
acquires a positive potential~the number of extracted elec
trons exceeds the number of ions emitted toward the fr
electrode and secondary electrons from the sample!. Simul-
taneously with the surface plasma formation, production
neutrals also occurs. Based on the velocity of the neutr
the thickness of the neutral layer should be about 1–2 mm
the time of the appearance of the HF modulation. At t
time an increase in the light intensity was observed from
region about 2 mm thick near the front electrode. This
crease in the light intensity can be explained by additio
plasma formation. Approximately at the same instant of
ditional plasma formation, the potential of the front electro
changes its polarity from negative to positive. This mea
that at least part of the electrons emitted from the front e
trode are captured inside the potential well, which has b
formed by the positively charged plasma. In some sense
formation of this plasma may play the role of a closi
switch. If the duration of this perturbation is less than t
time of the electromagnetic~e/m! wave propagation along
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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the input cable, one can consider a wave process. The
cess of e/m wave oscillation in the cable can cause a p
odical increase of electron emission from the cathode b
i.e., modulation of the electron beam amplitude. It is kno
that inside an asymmetric potential well, nonrelativistic ele
tron oscillations and bunching can occur.202 This oscillating
bunch of electron space charge may have a positive feed
from the wave process if synchronism with the wave os
lations along the cable is maintained. This positive feedb
is provided by a continuous extraction of electrons from
plasma boundary in the vicinity of the output cathode grid.
addition, due to the acceleration of the electron bunche
HF current appears in the cathode holder. The appearanc
this current should maintain the process of the e/m w
oscillation in the input cable; i.e., it represents the posit
feedback.

3. Demonstration of microwave generation by a
ferroelectric-cathode tube

The demonstration was implemented by the resea
group of Jerby~Drori et al.19! at Tel-Aviv University ~Is-
rael!. A ferroelectric cathode was employed in a cyclotro
resonance maser~CRM!. The CRM oscillator device was
operated at;7 GHz, near the cutoff frequency of a hollow
cylindrical cavity. The cathode was made of a PLZT 1
65/35 ceramic with a high-dielectric constant (« r;4000).
Electrons were extracted from the plasma excited on
cathode surface by;1 kV short rise-time pulses. The use o
ferroelectric cathodes may advance microwave tube tech
ogy for various applications.

In general, the cathode is a key component in microwa
tubes, cyclotron-resonance masers~CRMs!, and free electron
lasers. The features of the cathode and its sensitivity to
erating conditions are crucial for the performance of the
vice. Ferroelectric cathodes present some attractive feat
in this regard. They can operate in poor vacuum conditio
at room temperature, and at low voltages. Ferroelectric c
odes do not need heating and preactivation and they are
to fabricate and handle as compared to thermionic or fie
emission cathodes.

In ferroelectric cathodes, electrons are emitted from
surface flashover plasma caused by an electric-field stres
the order of tens of kV/cm applied to the ceramic on a na
second time scale. This electric-field level is lower th
needed for field-emission cathodes and is comparable to
of carbon-fiber cathodes.204 Current densities up to 100
A/cm2 have been produced by ferroelectric cathodes. Fe
electric cathodes were proposed as electron-beam source
free-electron em-wave generators.9,127 In the present oscilla-
tor experiment, a ferroelectric cathode was employed i
cyclotron resonance maser~CRM! scheme. This device, op
erating in a gyrotron mode,205 near cutoff, tolerates the elec
tron energy spread and is characterized by its high gain.

Ferroelectric cathodes can be used in low repetition-r
or single-shot compact CRMs. They can be easily fabrica
in various shapes for producing specified cross-sectional
files of the electron beams, including large two-dimensio
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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electron-beam arrays for multibeam devices propo
recently.206

CONCLUSIONS

In this review we have described the main experimen
and theoretical results on electron emission from ferroe
tric materials published during the last 25 years by vario
research groups all over the world. We derived two differ
types of the observed electron emission, demonstrating m
orders of magnitude difference in electron currents from
same ferroelectric materials. We believe that the review
lows one to better understand the origin of both effects
proper understanding is also a key problem in the deve
ment of a new generation of diverse devices based on
phenomena.

The first type of ferroelectric emission is an electr
emission provoked by pyroelectric, piezoelectric effects,
spontaneous polarization inversion. In these cases, varia
of temperature~pyroelectric effect!, application of mechani-
cal stress~piezoelectric effect!, or spontaneous polarizatio
inversion ~polarization switching! causes a deviation o
spontaneous polarization from its equilibrium state and g
eration of uncompensated electrostatic charges and field
a ferroelectric polar surface. This type of electron emissio
observed in the ferroelectric phase only. The emerging e
tron emission occurs from a negatively charged ferroelec
surface uncoated by any electrode. This electron emis
provides a screening electron current into the vacuum sim
to a conventional conductive current of pyroelectric, piez
electric, or polarization inversion origin occurring via un
formly deposited electrodes. This electron emission curr
appears as a result of tunneling emission, and it does
exceed 1027 A/cm2. It demonstrates a pronounced size effe
that makes it highly problematic that electron emission c
be generated from ferroelectric thin films. The studies und
taken by use of the electron visualization technique allow
visualization of both static domain configurations and th
dynamic behavior. We think that the ferroelectric origin
weak electron emission is commonly accepted.

Strong electron emission is quite different. The curre
density exceeds the weak emission by 9–12 orders of m
nitude. We firmly believe that another physical mechanism
responsible for high density emission currents reaching
A/cm2. Thorough analysis of numerous published data
sulted in the recognition of the following basic features
strong emission.

~1! Strong emission is induced by quite a different e
perimental setup than for weak emission. The excitation
this emission occurs by using a patterned electrode depo
on a ferroelectric surface. As a result, the ferroelectric s
face is divided into two zones: the first coated by an el
trode ~strips or grid! and the second uncoated the electro
electron emitting zone. A trigger voltage~high pulsed volt-
age stress is normally used! gives rise to two components o
the field: normal and tangential. The normal component m
lead to diverse field-induced effects: reversing the sponta
ous polarization direction~for samples related to the ferro
electric phase!, field-enforced phase transitions~for samples
Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP
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related to the antiferroelectric or the relaxor phase!, and con-
ventional electrical polarization of the dielectric~for samples
related to the paraelectric phase or any other phase!. How-
ever, calculations of field distribution showed that the norm
component induces the field-enforced effects under the
terned electrode and near the electrode edges due to frin
fields. The tangential component of the applied field exi
on the uncoated emitting zone of the surface and it m
cause a surface flashover by avalanching emitting elect
along the surface.

~2! Ferroelectric materials used for strong electron em
sion generation are related to different phase states nam
ferroelectric, antiferroelectric, relaxor, and paraelectr
Analysis of published data showed that high current den
emission is induced by applying trigger voltage pulses of a
polarity. Regardless of the phase state and the mode of
citation, the measured emission current densities dem
strated nearly equal values. This allowed one to propos
plasma as the source of electrons for strong emission. Pla
formation has been proved experimentally by measurem
of plasma density and electron temperature, by tempor
and spatially resolved observations of ion emission, by f
framing photos, and by measurements of the energy spe
of emitted electrons and parameters of an electron diode
a ferroelectric cathode. Plasma formation can explain
above-mentioned difference in electron currents between
weak and strong electron emission.

~3! Two different modes of the surface flashover plas
generation followed by strong electron emission were
served. The first mode of plasma ignition occurs by we
electron emission induced by polarization inversion, or b
field-enforced phase transition near the edges of the
terned electrode due to the normal component of the app
field. These processes lead to the appearance of a non
pensated surface charge of ferroelectric origin with cor
sponding strong normal and tangential electric field com
nents. The normal component of the electric field
responsible for weak electron field emission, followed by
surface electron avalanche due to the tangential compo
of the electric field. This mode of plasma excitation induc
by field-enforced effects occurs only in specific phase sta
~ferroelectric, antiferroelectric, or relaxor! and upon a defi-
nite direction of the applied field~a bipolar triggering field
for polarization inversion in the ferroelectric phase, or a m
nopolar field for ceramic compositions related to the antif
roelectric or relaxor states!. It is very important to emphasize
that the delay time of plasma generation followed by stro
emission depends on the velocity of the forward growth
the ferroelectric domains inside the ferroelectric sample b
or phase switching time~antiferroelectric, relaxor phase
ferroelectric phase!. This velocity cannot exceed the velocit
of sound in the material. This characteristic time for a c
ramic sample 1 mm thick is in a microsecond time scale. T
threshold trigger field~normal component! in this case is the
coercive field needed for polarization inversion in the fer
electric material used, or the field causing the phase tra
tion from the antiferroelectric~relaxor! phase to the ferro-
electric state possessing macroscopic polarization. It
been shown that it may be very low~e.g., for ferroelectric
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TGS crystals it is about 1 kV/cm! and may be initiated even
by a sinusoidal voltage, demonstrating that any rise time
the trigger voltage pulse is suitable in this mode.

The second type of surface flashover is ignited by fi
electron emission at triple junctions~points!. However, in
this case, an appearance of surface charges, which is res
sible for the strong electric field followed by field electro
emission at triple junctions, is caused by the conventio
electric polarization in the dielectric material. This type
surface flashover has been well known for about 30 ye
and it was used for so-called metal–dielectric cathodes.
plasma is initiated by a high voltage trigger pulse of a
polarity applied to ferroelectrics in any phase state, as we
to linear dielectrics. The field causing field electron emiss
at triple junctions is enhanced by a factor equal to the die
tric permittivity of the material, which is especially high fo
ferroelectric ceramics. Thorough measurements showed
the plasma formation starts within the first few nanoseco
after the application of the trigger voltage pulse. So far,
delay time of strong electron emission ignited in this mode
much shorter than that in the mode where the plasma is
tiated by any field-enforced phase transition or polarizat
inversion. Studies of both modes of flashover for the fer
electric ceramic PLZT 7/65/35 showed that the thresh
triggering voltage for initiating surface plasma by the fie
emission at triple junctions is three times higher than that
plasma ignited by polarization inversion. The rise time of t
applied trigger voltage should be as short as possible.

Various ferroelectric electron emission devices based
both weak and strong emission have been proposed. F
electric electron emissive flat panel displays, x-ray, neutr
and thermal imaging devices have been developed. Stro
emitting ferroelectric cathodes can be used for microw
radiation generation, gas spark switches, etc. Underta
studies showed that strong plasma-assisted ferroelectric
odes are greatly damaged by surface flashover. Poor re
ducibility and a relatively short lifetime~about 106– 107

shots! limit the cathodes’ application, especially if they a
to be operated at a high repetition rate.

It should be noted that there is no unanimous opin
about the strong electron emission effect. Due to a lack
detailed knowledge, the relation between true~weak electron
emission! and plasma-assisted emission is not accepted
all research groups. One must perform temporally and s
tially resolved measurements of the surface electric field
order to distinguish between these two modes of elec
emission. This problem is especially important beca
‘‘true’’ ferroelectric electron emission allows one to develo
electron emission devices operating in a nondamaging m
However, it should be additionally proved that ‘‘true’’ elec
tron emission can provide the same high current densitie
strong electron emission. As to the application of ferroel
tric plasma-assisted strong cathodes, the main problem is
development of cathodes with a narrow energy spectrum
well as high uniformity and reproducibility of the emitte
electron current.
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