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Electron emission from ferroelectri€EEE) 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 emissicarrent density

10" *2-10 7 Alcm?) 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 Aand 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,)eto. 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.
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external energylight source or thermal heajeexcites elec-
trons to an energy exceeding the work function. For thermi-
onic emission, for instance, the cathode temperakigieould

be aroundl=2500-3000 K. In the case of tunneling emis-
sion the external electric field gives rise to narrowing the
potential barrier resulting in tunneling of electrons to the
vacuum. Despite the absolute different mechanisms of the
overbarrier and tunneling effects, the only common feature
should be noted for all classic types of electron emission.
Electron emission from conventional cathodes occurs due to
changes in the electron subsystem of solidsanges of a
spectrum of electronic states, work function, or penetrability
of the potential barrigr No alterations arise in a crystal lat-
tice itself, which serves as a reservoir for electrons.

The first observations of electron emission from ferro-
electrics(FEE) during the pyroelectric effect by Rosenblum
etall and the piezoelectric effect by Rosenman and
Pechorskii in LiINbO; crystals showed that FEE differs
strongly from classic types of electron emission from solids.
The temperature variation needed for pyroelectrically in-
duced FEE was only a few degreeBEE in a LiNbG, crys-
tal was observed from polar surfaces only: on heating, from
the Z* polar face; and, surprisingly, on cooling from the
oppositeZ™~ face. The measured electron energy was as high
as several keV without an external accelerating fidiul the
case of the piezoelectric effect, the FEE was studied from

ferroelectric cathodes in the nonreversal mode. 6137_|Nb03 under mechanical pressing_ It was found thatfie

B. Electron emission from a surface plasma of

C. Reversal and nonreversal modes of
plasma-assisted electron emission from
ferroelectric ceramics.. ...................
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A. Ferroelectric electron emission devices.. . ..
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face of the crystal emits electrons on pressing, whilst the
oppositeY ~ face emits on unloading along tbedirection?
The measured FEE current did not exceed
10 °-10 *A/cm?. Studies of FEE during spontaneous po-
larization reversal by Rosenmaatal® in ferroelectric
Ph,Ge;0;, allowed the observation of FEE current several
orders of magnitude higher, reaching ¥®/cm?. The re-
sults (Rosenblunet al,! Rosenmaret al>? showed an im-

1. Ferroelectric emissive flat panel displays. .. 6146, rtant distinguishing feature of FEE compared to the classic
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CONCLUSIONS .. ... 1

I. INTRODUCTION

Two sorts of electron emission overbarrier and tunnelinget als’

types of electron emission from solids. It was shown that the
only reason for FEE is an electrostatic field, generated due to
a deviation of spontaneous polarization from the equilibrium
state under pyroelectric, piezoelectric effects, or polarization
reversal. FEE occurs from the negatively charged faces of
ferroelectrics. The FEE current cannot be observed as a
steady state current. This current is a transient emission cur-
rent which screens spontaneous polarization. Investigations
of numerous ferroelectrics showed that the FEE effect is a
useful tool for studies of electronic properties of ferroelec-
trics. Developing the FEE imaging techniddeallowed an
attractive method for ferroelectric domains observation to be

roposed® as well as the development of some FEE devices,
such as a FEE flat panel display based on local polarization
switching® These FEE studies are related to the first period
of studies of the “weak” FEE.

An explosive interest in FEE arose at the second stage of

studies of this phenomenon, after publications by Gundel
and other consequent publications by Riege, Gundel,

are observed from solids. Overbarrier electron emission,q their co-authors at CERN reported huge FEE currents

(photoelectron or thermionicoccurs when a source of an

dElectronic mail: gilr@eng.tau.ac.il

reaching 18 A/lcm?. The FEE effect was observed by use of
PLZT (lead lanthanum zirconate titanatierroelectric ce-
ramics subjected to a high pulsed voltage stress. The re-
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corded FEE curreft exceeded 12 orders of magnitude the . Screenin
“weak” FEE current observed by Rosenmanal? It be- + Ferroelectric  —| /" orpes ¢
came clear that a new generation of electron cathodes coulc O\

be developed. Dozens of laboratories all over the world +

joined this activity (Gundel, Riegeet al.®® Ivers et al,’ () +
Schachtet®® Jiang et al,’® Sampayanet al,!! Cavazos
etal,’? Averty etal,’® Biedrzycki?® Okuyama et al,*

Airapetov et al.*®> Shur etal,'® Miyake etal,’” Riege Vacuum
et al,’® Shannonet al,?* Krasik et al.®” Boscolo et al,®® l

[—~Bound
S charges

Advani et al,**! Zhanget al, ). X
In the present review we also discuss a third stage of  ..,....

FEE studies. We firmly believe that this third stage is the Ax_[ : :

starting point of applying FEE in different technological ar- ' : ALI\\

eas and for diverse devices. Promising examples are the firsi : Eg

applications of high density FEE cathodes for microwave $\

generation in a slow-wave tub&fraveling wave tubé&® and :

observation of high frequency modulatiéhlt should be (b) : PS

noted that despite the immense efforts undertaken during the )

last 10 years there is no definite opinion about the physics dfIG. 1. (a) A ferroelectric crystal in an equilibrium statéh) asymmetry of

the phenomenon, especially about the strong FEE reachint@e electronic work function near the polar faces of a ferroelectric crystal.

hundreds of amperes per square centimeter. Experimentally

FEE is observed in diverse effects, such as spontaneous po-

larization reversal, dielectric polarization, or various field- tion vector is screened by electrons, while the negative end
enforced phase transition&ntiferroelectric—ferroelectric, by holes. This model allowed the prediction of the existence
relaxor—ferroelectric, paraelectric—ferroelectridhe elec-  f syrface layers near opposite polar faces possessiagd
tron emission was measured in different phase stée®- 1, type conductivity?? The electron concentratiam, near the

electric, antiferroelectric, relaxor, p_araelec)rfoom electri- _ positive polar face can be determined by a simple eqution
cally poled and unpoled ferroelectric crystals and ceramics.

We firmly believe that the “mystery” of the effect is 4mqons=D, 1

hidden in the physics of ferroelectricity. This paper is aCoM-yhare 5 is the thickness of the surface layer where the

prehensive review of numerous experimental data on FEE;eening charge is localizegiis the electronic charge, and

Analysis of the presented results and models are presentg| is the electric field induction. For BaTiQexpression(1)

based on ferroelectric materials science. The goal of the "&ives ny=109cm3.24 An equilibrium electron concentra-
view is to show the current state of the understanding of th"ﬁon in Sa neutral bulk regiom; for any semiconductor is
phenomenon and to estimate the areas of its possible appEﬁven by !

cation.

-

ni=N¢exp —Eg4/KT), (2
PART A: FERROELECTRIC ELECTRON EMISSION ) ) ]
whereN, is the density of stateg is the energy gap. For

the ferroelectric crystal BaTigpossessing the energy gap of
Ey=3.2eV, the parameten;=10 ?cm 3. Hencen;<n;.
This allowed Ivanchik® and Guroet al?*%°to assume that
Ferroelectrics are spontaneously polarized crystals. Thghe compensation of the depolarization field in a monodo-
macroscopic dipole momem (spontaneous polarizatipof  main ferroelectric crystal is provided by strong band bending
a ferroelectric is stable without the application of an electricA y, and Ay_ which are of the opposite sign. Figurébl
field. For a ferroelectric crystal with finite dimensions, spon-shows that a work functios for the opposite polar faces
taneous polarization is homogeneous in the crystal bulk, bus,. andA,- may be written as follows:
abrupt changes occur at the polar faces wHeyre0. The
nonhomogeneous distribution & near the surface gives Az+=Egtx—Axz+, ©)
ri_se to a strong depol_ar_iz_ation field beca_tusel-‘dh#_ 0. Two Az-=Egtx+Axz, )
different ways for minimizing the depolarization field energy
which allows a stable polarized state have been fddfithe ~ Wherey is the electron affinity ané, is the band gap. These
first way is a domain-divided ferroelectric crystal where expressions lead to a strong asymmetry of the work functions
screening the depolarization field occurs by electric chargedA for Z* andZ ™~ faces. Theoretical estimatioi€®showed
of opposite signs of 180°-ferroelectric domains. The secondhat for ideal pure single crystals:
way was proposed for monodomain ferroelectrics by _ _
lvanchil’® and Guroet al?*?® It was assumed that in the AA=Az-—Az:=Ey, ®
equilibrium state the bounded polarization charges are comwhich is very large for LINb@Q (AA=3.9e\). However,
pensated by screening charges of a ferroelectric semiconduexperimental measurements demonstrated much lower val-
tor [Fig. 1(a)]. The positive end of a spontaneous polariza-ues. LeBihan and Chartf@measured by the electron mirror

1. Screening of the depolarization field and
the work function of a ferroelectric crystal near polar
surfaces
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microscopy method the difference in the work function of Ferroelectric
180° domains and observéddA=0.975 eV for TGS crystals.
Another experimental result obtained by a Kelvin probe
showed a much larger value &fA=4.5eV for the TGS
ferroelectric, andAA=1 eV for the GASH crystal’ The
photoemission yield studied by Boikova and Rosentfian
gaveAA=0.4eV for LINbO; andAA=0.6 eV for BaTiQ.%°

Low AA indicated that the screening charges are localized J
mainly on surface states with the concentration for LiNbO (a)

4x10*cm 2% The estimated band bending wasy

=0.15eV and Ay_=0.25eV and electron affinityy

=0.25eV. Akhaianet al®*? studied the photoemission

work function in LiINbG;. The measurements showédA T initiscent

=0.7 eV and allowed the observation of a zero electron af- Screen

finity y=0 at theZ" face. However, the measurements \_\ YA
implemented by the Anderson metfiédlid not reveal any (LTI LT ITrTI—Osy,
difference in potential barriers for electrons from opposite il é) é : 1 E
polar faces. It was interpreted as direct evidence of complete  Electron o

screening of spontaneous polarization by charges localized  detector

on the surface states. A
APy I Edin
II. BASIC CONDITIONS FOR FEE GENERATION (b)r%

The concept of minimization of the depolarization field
(Ivanchik?® Guro et al?*?3 in a monodomain ferroelectric FIG. 2. Methods and conditions of generating ferroelectric electron emis-
allows the consideration of two systems of chardE®. sion. (a) A conventional experimental setufl)) an experimental setup for
1(a)]_ The first system is a system of the bound charges reFEE melzasu.rements. 'Uncompensellted. charges may be generated during py-

. o . roelectric, piezoelectric, and polarization switching effects.

sponsible for spontaneous polarization. The second is a sys-
tem of the screening charges compensatihgnear polar
faces. The properties of these two systems are quite different.
The system of the bound charges is determined by the propvhere 7 is the relaxation time. The relaxation timeis de-
erties of a ferroelectric crystal lattice. The screening chargeined asr=c¢gy/o (¢ is the dielectric permittivity o is the
are charges whose properties depend on electronic pararulk conductivity. For the conventional setfig. 2(a)] the
eters of the ferroelectric semiconductor. Any deviation ofcurrent through the external short circuit is much higher than
spontaneous polarizatid®g from its equilibrium value dur- that in the crystal bulkd.>J,, because the conductivity of
ing, for example, polarization switching or the pyroelectric the ferroelectric crystal is very low. For the LiNB@rystal
effect, gives rise to imbalance charge®,. The screening wheree =50 ando=10 °-~10 0 "1cm %, the value ofr
process ofAPg occurs by means of various compensationis as large as £8-10's. Therefore, the contribution of the
currents. The relative contribution of different screening pro-bulk currentJ,, to the screening process in this case is neg-
cesses to the total screening cha@e= AP depends on the ligibly small.
experimental setup, the bulk conductivity of a ferroelectric ~ The situation dramatically changes when ferroelectric
crystal, interface conditions, etc. The general equatiompolar faces are not coated by the electroffeg. 2(b)]. A

maybe written as follows: temperature variationpyroelectric effegt or mechanical
. . . sFress(piezoeIectric effe()t.applied to a ferrpelectrﬁc crystal .
Q2=f cht+J Jp dt+f Jemdt. (6)  9Yives rise to the generation of pyroelectric or piezoelectric
0 0 0 chargesA P,. For a sample without electrodes, the first term

in Eq. (6) describing the external curredyf is zero. The bulk
screening process occurs very slowly with relaxation time
T=geglo. So far the generated pyroelectric or piezoelectric
clharges will be the source of electrostatic fields in a gap
ferroelectric sample-input plate of an electron dete&gg,,

The first term is a conventional switchirigyroelectric,
piezoelectri¢ charge Qe brought about by the transient
switching (pyroelectric, piezoelectriccompensated current

cireut plurlng the tlma§w ['.:'g' 2(a)]. The second term is a and in the crystal bulk of the ferroelectric cryst} [Fig.
screening charg®y, which is provided by the bulk conduc- ) . . in

tive currentd,. The chargeQ, is a space charge, which is 2(b)]. Figure 2b shows that the fiel, o, is responsible for
redistributed near each polar surface inside a ferroelectrig‘e FEE current. A simple estimation may be implemented

crystal bulk, in accordance with the following simple equa-1©" LiINPOs in the case of the p}/goelecgr;c iffecﬁt&T
tion: =10K, pyroelectric coefficieny=10"°Ccm K™ ). Tak-

ing a ferroelectric sample af=1 mm thick along the polar
Qp=Qpoexp—t/7), (7)  directionZ, and a gap of 1Qum results in the fieldE oy
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=APg/eq=10F Vicm (APs=yAT=10 ' Cl/cn?). Accord- ‘4
ing to the estimations in the case of polarization switching,
the field Eqo: Should be much stronger-up to & -
10’—10 V/cm. A field 1810 V/cm is enough for the field §
electron emission effect. Figure 2 demonstrates that FEES™
from a ferroelectric crystal may occur from a negatively "'g
charged polar surface only. In the case of positive charges,
the field will cause field emission from a metal input plate of 1
the electron detector toward the ferroelectric crysgeb.
2(b)]. The generated electron emission current will be a tran-
sient current, screening(neutralizing uncompensated
charges on the ferroelectric surfdsee, the third term in Eq.
(6)]. The FEE current flows in the short circuit containing the 100 150 200 250 200 i r
upper ferroelectric crystal surface, the vacuum gap, the elec- Temperature, (K)
tron detector, the luminescent screen, the voltage source
(V1,V,), and the bottom ferroelectric surface. It should be 4
emphasized that the FEE current from the charged ferroelec- LiTaO, , Z"face, cooling (b)
tric surface gives rise to a new neutral state of the crystal. An __
alternative possibility for the relaxation of this high electric “g
field [Fig. 2b)] is a surface discharge effect and subsequent s
screening process by electrons and ions from the surfaces 21
flashover plasma. It should be noted that the considered g
model is based on the assumption of a stable unmodified § , |
ferroelectric domain configuration. The influence of this very §
important factor was demonstrated in studies of FEE from s
undoped TGS and isomorphic crystals implemented by Si- 7]
dorkin, Kostsov, and Biedrzycksee Sec. | D

Thus, uncompensated electrostatic charges are generate T r : T v v
on polar surfaces of ferroelectrics by the pyroelectric effect, '@ ™ 20 20 30 350 40 4%
piezoelectric effects, and spontaneous polarization switching. Temperaturs, (K)
The strong electrostatic field causes an unavoidable screefis, 3. FEE in a LiTaQ crystal during the pyroelectric effecta) upon
ing process when a ferroelectric crystal uncoated by elecheating;(b) upon cooling.
trodes may relax to a new fully compensated state by emit-
ting electrongFEE) into the vacuum.

LiTa0, , Z* face, heating @

2 -

FEEC

34

flux with a resolution of 30Qum. The main resuttwas the
observation of FEE without any photostimulation, which was
used in the previously published work&eliaev and

To the best of our knowledge the first measurements oBendrikova®® Kortov and Minz3%. Heating the LiNbQ
electron emission from ferroelectrics was undertaken by Bemonodomain crystal from room temperature Te=400 K
liaev and Bendrikov&® who studied the influence of sponta- and its subsequent cooling induced persistent FEE from the
neous polarization on photostimulated electron emissio@ ™ face during heating and sporadic bursts during cooling.
yield versus time in TGS and Seignette salt crystals in airThe oppositeZ™ face of the monodomain sample emitted
The authors observed an increase of photoelectron emissidfEE on cooling and electron bursts were observed from this
current from the negatively charged surface and a decreagace on heating. Multidomain samples emitted electrons dur-
for the positively charged one. Another pioneer paper pubing heating as well as cooling. The FEE images showed a
lished by Kortov and Min¥ reported the observation of pronounced picture of ring-shape ferroelectric domains,
photostimulated electron emission during ferroelectric—identical to the optical image of the domain structure in mul-
paraelectric phase transitions from the ceramics, Ba@i@ tidomain LINbG;. The emission current density was of the
(Pb, BaNb,Og. An anomalous increase of the electron emis-order of 10 °-10 °A/cm?. Measurements of electron en-
sion current occurred in the vicinity of the Curie point. ergy by a retarding potential gave a high value \0f

The first detailed investigations of FEE during the pyro- =5 keV. The results were interpreted in terms of thermally
electric effect was conducted by Rosenblgnal,® who stimulated field emission where the thermal stimulation
studied LINbQ crystals. The experiments were conducted inserves as a method of pyroelectric charges generation. These
a vacuum of 108 Torr, restricting to some extent surface charges produce an electrostatic fi€ldn the vacuum gap,
discharges. A chevron electron multiplier consisting of twowhich according to the presented estimatfomas as high as
microchannel plate§MCP) served as a position-sensitive E=1.35x 10’ V/cm. The data by Rosenman and BoikdVa,
electron detector. The electron flux amplified by the detectoobtained by the use of LINbOFe, demonstrated a long-time
was imaged by a phosphor screffig. 2b)]. This setup persistent emission current which was ascribed to the dy-
allowed the measurement and visualization of the electromamic equilibrium state between two processes: pyroelectric

Ill. FEE INDUCED BY THE PYROELECTRIC EFFECT
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charge generation and bulk charge relaxation process. The 3
upper temperature of FEE wak=420K, and it was as-
cribed to the activation of Fé-donor centers and corre-
spondingly increasing the bulk conductivity.

FEE was studied in detail by Rosenman, Rez, and
co-worker$®3” by the use of the isomorphic ferroelectric
crystal LiTaG, [Fig. 3@]. The sample temperature was var-
ied from 150 up to 773 K with different rates ef in the
range of 1-12 K/min. Luminescent spark radiation was mea- w
sured by a photomultiplier. A persistent electron emission * o
current was unipolar and observed from #ie face on heat- Light iflumination, A=0.44 um
ing and theZ™ face on cooling when negative pyroelectric u;moNT ugmorrl
charges are generated. Sharp drops of the persistent FEI - v
current occurred fora>4 K/min and disappeared fow
=1 K/min. These sharp electron emission drops were ob- Temperature, (K)
served simultaneously with spark radiation pulses. The temgig, 4. The effect of light illumination on the extinction of FEE in
perature of the FEE generation was limited for both lowBaNaNBO;5 crystals. The arrows show the time of switching the illumi-
temperatureT =100K and high temperatur@,=400K  nation “on” and “off.”

[Fig. 3(b)]. It is obvious that the observed FEE is of a pyro-

electric origin. The pyroelectric field is screened in three_l_h sperimental linear dependen f the photoconductiv
ways. The first one is electron emission current FEE. The € expefimental inear dependence ot the photoconduc

second mode of screening occurs via a ferroelectric crystéﬁy of the BNN crystals allowed one to estimate several im-

bulk. The third way is observed when the surface pyroelecportant electronic parameters: photosensitivity, the product
(where u is the electron mobility,8 is the quantum

tric field exceeds the breakdown electric field. The surfacef‘.'glfj d+is the lifeti d el bility of th
flashover gives rise to screening of the pyroelectric field b%(zm’];n e(; Ish(t)tc?ellailrg]r?s: sacnreeienwonrggl)ecltl:}(l: th ee
positive ions from the surface plasma. It should be empha-:1 sz';,lvp,l 28 N9 Py ! a9

sized that all kinds of charge relaxation lead to the renova- The FEE ff ¢ | tudied i lec-
tion of the neutral state. The grounded bottom face of the . € efiect was aiso studied trom Iineay pyroelec

sample and input plate of the electron detector creates sho {cs: It was first observed in BeO ceramitsand

oo " L . monocrystalé® The electron emission peak was measured in
circuit conditions providing the nee_ded neu_traﬁl:‘yl%. 2(b)]2. the temperature rande— 150—350 K and the effect was as-
The measured FEE current density whg=10 -“A/cm P g

and the emitted electron charge per second @ cribed to the pyroelectric properties of this composition.

—10-12C/cn?. The persistent FEE arises upon heating bel/€asurements of FEE and pyroelectric propeftiazon-

yond AT~3—-4 K and for a LiTaQ deviation of the sponta- firmed the proposed model and showed that the FEE current
neous polarizatiolAP,~10" 7 C/cn?. So far the electron depends strongly on the pohng field. The eIeptron energy
emission charg®).,, is much less than the generated pyro_observeq from poIgnzgd ceramics O.f BeO achleved_ 1 kev.
electric chargeAP, and it may be neglected in the charge . Detailed investigations of other linear pyroelectrics were

balance. The following equation for the uncompensate mplemented later by use of lithium sulphate monohydrate

chargeAp causing FEE, considering the processes of pyro—and Resorzin monocrystei$™ Two kinds of FEE were

electric charge generatiatp, = — ydT, (yis the pyroelectric found: pyroelectrically induced FEE and FEE of the electret

coefficient and their screening by compensation via theorigin. The FEE effect was highly irreproducible for these
ferroelectric crystal bulk, may be obtained crystals. It was assumed that the unstable FEE may be re-

lated to modification of the spectrum of the surface states.

Ba,NaNb,0,q, Z* face, heating .

1 <

FEE current, 10™* (Alem?)

150 200 250 300 350 400 450

® IV. FEE DURING PHASE TRANSITIONS

Direct evidence of the influence of the bulk screening  The ferroelectric phase transition is the region where all
process was demonstrated in the ,BaNkO;5(BNN) physical parameters such as structural symmetry, spontane-
ferroelectric® Its dark conductivityoy is close to that of ous polarization, pyroelectric coefficient, dielectric permit-
LiNbO; and LiTaQ crystals. However, this ferroelectric tivity are changed critically. Anomalous photoemission was
crystal possesses a very high photoconductivity. The  observed in monodomain ferroelectric monocrystals BgTiO
temperature dependence of the FEE current measured in tidering all three well-known phase transitions, both in
dark was similar to that obtained for other low conductivecrystald*~*¢and thin films?’ The photostimulated FEE cur-
ferroelectrics-*" lllumination of the ferroelectric crystals by rent was asymmetric: The current from tAé face was al-
a He—Cd laserX=0.44um) gave rise to a total extinction most twice as much as the current from the opposite polar
of FEE (Fig. 4). The process of the FEE relaxation was stud-face. The effect was ascribed to two different caugas:
ied at different temperatures and under different laser bearband bending of the opposite sign near opposite polar faces
intensities. It is obviougsee Eq(8)] that the laser illumina- and(b) an asymmetric potential barrier for electrons in ferro-
tion of the photosensitive crystal BNN leads to a sharp deelectric crystals during their transport to the emitting
crease of the relaxation timedue to a conductivity increase. surfaced$? It should be noted that BaTiQs a high conduc-
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tive ferroelectric crystal ¢~10°S/cm) and “dark” ferro-
electric electron emission cannot be observed in these crys-
tals. — 3
The most attractive ferroelectric crystal for studies of §
FEE during ferroelectric phase transitions is a TGS crystal. :2,
The Curie temperature of this crystal is near room tempera- e
ture, Tc=49°C, and the conductivity is several orders of #
magnitude less than that in BaTjObeing close to the pa- E 1
rameter in LINDQ (o~10"1°-10 '8S/cm). Numerous pa- 4
pers have been published on FEE from TGS and isomorphiclL
crystals. Sujak and Syslo performed the first observation of
FEE in TGS, TGSe, and TGFB.FEE was observed within
the temperature range of the ferroelectric phase transition 4 310 120 230 240 350 380 70
upon heating from the positive polar face. The peak of FEE Temperature, (K)
occurred at the Curie temperature. The absorption method
used ingB spectrometry was applied to estimate the electron
energyW, . A value of W, about 130 keV was obtained. The
authors ascribed the effect to the pyroelectric properties of
TGS crystals. Detailed studies of FEE from virgin TGS with 3
different domain structures during ferroelectric phase transi- ¢
tion were carried out by Kostsaat al,>° Sidorkin et al,>>? 2
and Biedrzyckiet al>3~%°BiedrzyckP® studied 35 virgin un- g
i
&

TGS, Y* face, heating @)

TGS, Y face, cooling ®)

-~
N

cm

14

(

doped TGS crystals. It was demonstrated that FEE occurs
mainly in two electron emission peaks. The first strong FEE
current maximum was observed 6—13 K below the phase
transition poinfTc= 322 K, and the second smaller peak was

recorded at 2—3 K above the Curie temperature. The pro- : ' : . .
posed interpretation of the obtained data was based on direc 27 280 290 200 310 320 330 340

observations of the domain structures in the studied TGS Temperature, (K)

samples by- nematic l-iqUid Cry-StéI‘é'The virgin -TGS pos- IG. 5. FEE from TGS crystals doped with L-o alanin@ from the
sesses a highly mobile domain structure, Wh_lch was esp '*-bolér face:(b) from the Y -polar face.

cially unstable several degrees below the Curie point. Heat-

ing up the TGS samples causes a generation of the

pyroelectric field. The field may be screened by the bulk

conductive current and partly by FEE, as was observed fofield in the gap ferroelectric sample-electron detedigy,
LiTaOz; and LiNbG; crystals. Another way to minimize the which causes FEE, in the following form:

depolarization field is a reconstruction of the domain

0 4

configuratior?®>* The process of domain structure modifica- _ y(MAT ©
tion is individual for different virgin TGS samples, and it is gap dg’
consistent with “irreproducibility” of the FEE spectra ob- SOS(T)d_(:r

served by Biedrzycki®

A stable unipolar monodomain configuration in TGS whered,, is the thickness of the crystal along the polar axis
crystals is observed when TGS is doped Withw alanine. It anddy is the distance between the upper polar surface of the
occurs due to the internal electric field of built-in polar mol- ferroelectric sample and input plate of the electron detector.
ecules ofL-o alanine. The samples of doped TGS crystalsEquation(9) shows that the fieldE,, is proportional to the
demonstrated a reproducible unipolar FEE effécfThe ratio y/s. Both parameters change strongly in the region of
structure of the FEE temperature spectritemperature was the phase transition. Measurements of FEE and the depen-
varied within the region of 300-390 )Kconsisted of two dence ofy/e implemented for highly doped TGS with immo-
peaks from both polar surfacgsigs. 5a) and 8b)]. The first  bile domain structure, demonstrated that the FEE current be-
one was observed in the ferroelectric phase, while the secorttavior is similar to the temperature dependence of the
peak in the paraelectric phase. It was ascribed to FEE caus@@rametery/s.®’
by an electret field and it was highly reproducible for both Recently, comparative studies of several ferroelectric
faces upon heating. Studies of the FEE effect in doped TGS8rystals and ferroelectric PLZT ceramics were implemented
crystals at low temperature showed that persistent electroby Shur and RosenmafA.PLZT ceramic samples and un-
emission is observed in the ferroelectric ph¥s&stima- doped monodomain LiNb§) TGS, Gg(MoQ,)s; and
tions, fulfilled in the work by Rosenmaet al.>’ showed that Ph.Ge;O;; crystals were studied in the experiments. Perov-
near the Curie temperature the relaxation tinie very high  skite PLZT ceramic compositions 2/65/35 and 7/65/35 re-
because of a sharp growth of the dielectric permittiity lated to a rhombohedral ferroelectric phase were used. The
The results allowed one to simplify E) and describe the ceramic samples were prepoled before measurements.
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started at the temperatufe= 363 C and reached the value of
10 *?A/cm? within the several degrees of temperature
change(Fig. 6).

Table | shows basic material values and FEE data for the
studied ferroelectrics. It is obvious that for low conductive
ferroelectrics and for a relatively short heating time, the pro-
cess of bulk screening may be neglecté@he field in the
gap in this case is described by Ef) whereE gy, is propor-
tional to the relationy/s. The data in Table | demonstrate a
very good correlation between thée relation and the FEE
current. The smallest FEE current was observed for ferro-
electric ceramics PLZT. In spite of the fact that they have the
largest pyroelectric coefficient, they also possess a very high
dielectric permittivity, which suppresses growth of the field
E

N (7
1 PR B

FEE Current,10™? (A/cm?)

? Two very important points should be emphasized. The

first one is related to the sharp rise of emission current den-

380 sity occurring at a temperature of about 363 °C for the PLZT

Temperature, (K) 7/65/35 sampléFig. 6). We assume that this cannot be ex-

plained by the enhancement of the field in the gap due to

FIG. 6. A comparison between FEE properties of various ferroelectric crysyather strong changes of the temperamr'é_ No rise of

tals and PLZT ceramics. emission current was observed for PLZT 2/65/35 in spite of
the lower conductivity. We believe that this anomalous FEE

current growth in 7/65/35 composition is due to the

Dielectric permittivity of the samples was measured at &gy gejectric—relaxor phase transition that occurs well below
frequency of 1 kHz by an LCR meter ELC'1_31D' Two kinds the dielectric permittivity maximum, when the macroscopic
of FEE curves were observdéfig. 6). The first one has a spontaneously polarized state disappé%rs.

sharp maximum that was recorded for TGS crystals only in™ rpe gtydied PLZT compositions are very popular mate-

the vicinity of ?5_59”“8 point and the data are consistenti s or strong ferroelectric cathodes. The presented studies
with the results.”™" The second one is a rather smooth spqeq the opposite result: PLZT ceramics demonstrate the
graph of the FEE current density that increases with tempergyq ot FEE figures of merit. They generate the smallest, neg-

ture. These curves were compared I ~40°C for all = jisinie FEE current. For “weak” FEE observed under pyro-
samples when the temperature change rate is approximat€le cyric piezoelectric, and spontaneous polarization switch-

constant. For thisAT the highest FEE current density ing, the higher the dielectric permittivity the smaller the FEE

280

, the critical parameter for them

surface of the sample. The electron current appeared jugl 55 the dielectric permittivity. The larger the permittivity,
after the heating started whexT was just a few degrees. the higher the “strong” FEE current. This discrepancy

The FEE current density was much lower for the studied, e that the origin of these two effects is quite different. It
ferroelectric ceramicsFig. 6). It was two orders of magni- will be shown in the following that “weak” FEE is a tun-

tude lower for PLZT composition 7/65/35, and 20 times for qjiny electron emission from a charged ferroelectric surface
2/65/35. Electron emission was observed from PLZT 2/65/3%, ,.:iq “strong” FEE is a plasma-assisted effect.

compositions from the edges of the sample only because of

fringing fields. The FEE current density was also very wea

for Gah(M0oO,)s(j =2 X 10” 14A/cm2). It was not observed l\/ FEE IMAGING OF STATIC DOMAIN STRUCTURES
at all for lead germanate crystals because of their very high The observed FEE effect allowed development of a new
conductivity, which wasr~10"°S/cm. It should be noted method of imaging of static ferroelectric domains in
that abrupt growth of the FEE current for PLZT 7/65/35 LiNbOs.! The electron imaging method is shown in Fig.

TABLE I. FEE and basic physical parameters for studied ferroeleatBbsir and Rosenman—Ref. 58

Pyroelectric Relative
coefficienty, dielectric Relaxation jem
Sample Cl(cn?K) permittivity & time r, s Relationyle pAlcn?

TGS 2.6%x10°8 49 876 5.36¢ 10 1° 3.8
LiNbO, 0.82x10°8 31 7720 2.6%10°10 1.27
PLZT 2/65/35 3.0410°8 581 836 5.2%10 11 0.07
PLZT 7/65/35 6.%10°8 2184 876 3.1&10 1 0.01
Gd,(M0oO,)5 4.4x10710 9 1717 4107 % 0.02

Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Appl. Phys. Rev.: Rosenman et al. 6117

TGS, heating

TGS, cooling

FIG. 7. FEE imaging of the ferroelectric bidomain configuration in a dopedFIG. 8. The optical and FEE image of the “head-to-head” domain configu-
TGS crystal:(a) upon heating{b) upon cooling. ration induced by the pyroelectric effect.

2(b). TGS crystals doped by-« alanine were studied by e€mission current was recorded from afypolar face. How-
Rosenmaret al® for the visualization of artificially fabri- ever, the FEE current was generated from the boundary be-
cated bidomain configuratior(&ig. 7). Due to a high con- tween domains into the vacuum where the negative pyroelec-
centration of doping, the FEE domain images demonstrated #ic charges were accumulated during heatiRgy. 8).

high stability. It was shown that any electron image may be

obtained for a properly fabricated domain structure and it FEg DURING THE PIEZOELECTRIC EFEECT

may also serve as a solid state electron imaging test.

Another type of a bidomain Conﬁgura’[ion was imaged by Another method to generate FEE is the piezoelectric ef-
Kuge| for |_|Nbo3 where “head-to-head” domain structures fect. FEE from LINbQ Crystals induced by the piezoelectric
with various thicknesses of the inverted layers and multilayegffect was initially —observed by Rosenman and
domain configurations were built-in by outdiffusion heat Pechorski®” It was studied from monodomain samples
treatment atT=1100°C5® Figure 8 depicts a “head-to- Which were subjected to uniaxial deformation._ Electrons
head” bidomain configuration. The electric fiely,, of  were emitted from the (010y-" face and the (0Q)-Y~
pyroelectric origin, generated in the gap ferroelectric sampleface when the ferroelectric crystal was deformed along the
electron detector for low conductive ferroelectrics like [100]-X direction. Figure 9 shows the FEE current versus

LiNbO5 may be written as follow§? mechanical stress. The observed FEE effect was unipolar.
1 T Electron emission was observed from the_(OM)’)—face
E (dg—24A), (100  when the sample was stressed and from theD()0Y "~ face

gap_s_o 8Odcr"'scrdg i i

under unloadingFig. 9. The FEE current was generated
where d,, and ., are the crystal thickness and dielectric either from theY™ face above a definite threshold of the
permittivity along the polar axis of the ferroelectric, respec-mechanical pressui@ig. 9) or from the opposite face when
tively, andd, is the gap between the electron detector andhe pressure on a tightly pressed sample decreased after a
ferroelectric samplegT is the temperature change, aids  definite time of pressure application. The current magnitude
the thickness of the domain inverted layer. For a monododepended on the loading rate. The observed electron current
main structureA =0 and conventional unipolar FEE occurs was 10 *?A/cm?, which is comparable to the FEE current
from both polar face$3’ For the “head-to head” symmetric induced by the pyroelectric field. Obviously, FEE observed
bidomain structureA =0.5d, the field Ey,, is zero and no  from piezoelectric LiINbQ crystals is a field electron emis-
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FIG. 9. FEE induced by the piezoelectric effect at different rates of me-
chanical loading.

sion where the field is generated by the piezoelectric effect.
The field generated on the emitting surface is givef? by

g
1—ex;{ - —7)
€€

where d,; is the piezoelectric coefficieny is the rate of
deformation, andr is the conductivity. Estimations based on
real experimental parameters allowed the authors to obtain a
value of the field of about 2:810° V/cm, which is sufficient

for field electron emission.

dyae

S 20

; (11)

VIl. FEE INDUCED BY POLARIZATION SWITCHING

Previously reviewed results indicate that the FEE effect
is generated by an uncompensated field of pyroelectric or
piezoelectric origin. Different methods used for estimating
the intensity of the generated field showed that it does not
exceed (2—3% 10° V/cm. The measured FEE current varied
within the range 10°-10 '*A/em® The FEE imaging ric. 10. FEE image$x 10) illustrating the polarization switching process
method allowed the visualization of static domain configura-in Ph,Ge;0,;. The applied switching field is 3:410° V/cm. The FEE im-
tions. ages were taken every 0.12 s.

It was proposed that polarization switching should be the
most effective method for FEE generatiorThis field-
induced reorientation of the ferroelectric polar axis may beelectrode deposited on the ferroelectric sample. The second
performed in a short time, which is much less than that of theelectrode was the input plate of the electron multiplier. Thus
dielectric relaxation time. Fast changes of spontaneous pdhe sample was placed directly on the microchannel plate. A
larization from + P4 to — P allows the neglection of bulk small gap remained between the polar ferroelectric surface
screening processes and a prediction of an appearance afid the electron detector, which also served as the switching
much higher uncompensated fields which were generateelectrode. Our subsequent measurements of capacities gave
upon the pyroelectric or piezoelectric effect. an estimation of this distance as 10—20.

The first observation of FEE during polarization reversal ~ The studied lead germanate plates werex10x1 (X
was performed by Rosenman al FEE was studied in lead XY XZ) mm in size. The switching field was varied in the
germanate RJGe;0;;. A previously described electron range ofEg,=(3—-6)Xx10°V/cm. Figure 10 shows several
detectof® allowed the detection of the FEE current and afragments of the video movie. Application of the switching
simultaneous observation of the FEE images, illustrating th@ulse Eg,=3.4x10°V/cm) gives rise to a bright emission
switching process in real time. A detailed analysis of FEEspot. The intensity decreased fast in the center and the emis-
was performed using a TV system for recording the FEEsion ring of an irregular form moved to the crystal periphery.
process during polarization reversal. The time resolution wa3his FEE movie was recorded when the switching voltage
limited by the TV method of recording, 40 ms. An external pulse of a negative polarity was applied to the rear electrode.
switching field was applied to two electrodes from a highThe switching voltage causes the appearance of the negative
voltage generatofFig. 2(b)]. The first electrode was a rear end of the domain at the crystal surface which was placed on
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the input plate of the electron detector. Application of a pulse
of an opposite polarity did not lead to any electron emission
except for the appearance of sporadic flashes.

The FEE imageé8 demonstrate the development of the
switching process. It is known that polarization switching
occurs in three separate stages: an increase of a nucleus with
inverse polarization, its growth through ferroelectric crystal
bulk toward opposite polar face, and a sideways motion of
domain walls®* The illustrated FEE images demonstrate two
stages. The bright emission sp@tig. 10 generated upon
applying the switching field is the starting point of the
switching process and it corresponds to the nucleation stage.
The macroscopic nucleus increases its size by means of
broadening. This stage of domain wall movement is illus-
trated by other FEE imagg§ig. 10. The moving domain
boundary leaves behind the emission trace. It may be as-
sumed that this trace is a region of uncompensated switching
charge. This conclusion is consistent with the classic model
developed by Miller and Savag@who predicted an appear-
ance of the uncompensated polarization charggl#hind a
moving 180° domain wall. They also proposed a mechanism
of screening of this depolarization field. This may occur by
means of field electron emission from the region of uncom-
pensated charges into the surface diele¢tranferroelectric
layer of a ferroelectric crystal. The observed PEE direct
experimental evidence of the discussed theoretical nfddel.
The domain wall velocity was estimated directly from the
FEE data ¢ =3.6 cm/s). This parameter is 10 times less than
that for lead germanate crystéfs.

The developed imaging method allowed the observation
of the FEE current contribution to the screening depolariza-
tion field generated during polarization reversal. The experi-
ments were performed by use of ferroelectric—ferroelastic
gadolinium molibdate crystals G@00,);.%” The samples
prepared were plane parallel wafers 1.5 mm thick. Polar sur-
faces were rectangular with sides parallel to th&0 and

(110) directions and sized>28 mn?. Figure 11 shows TV
fragments of a video movie whose frames were taken every
40 ms. Application of a switching voltage of 500 V led to the
appearance of an emission spot at the edge of the sample. It
grew along the short crystal side in the form of a thin brightFIG. 11. FEE image$x10) illustrating the polarization switching process
line. The line started to traverse the crystal along the othel Gt:(MoO,);. The switching field is 3.8 1C° V/cm. The FEE images
side and electron emission was observed from the whole pdLer® taken every 0.04 s.
lar face of the sampléFig. 11). The FEE images illustrate all
stages of polarization switching in the ferroelectric—cantly to the screening process in low conductive ferroelec-
ferroelastic crystal GMoO,)3: nucleation of a tapered do- tric crystals.
main at the crystal edge, penetration of the tapered domain FEE during polarization switching was also thoroughly
through the crystal and formation of a strip domain, andstudied by Biedrzycki and LeBih&h and Rosenman
finally, the sideways motion of the 180° domain wall. et al®*%%in TGS crystals, by Biedrzycki and LeBih&hin
Ferroelectric—ferroelastic crystals &mMoO,); have a BaTiO; and PLZT ceramics, and by Sujak and Biedrzytki
very low conductivity ¢=10"'*S/cm) and its dielectric re- in KDP crystals. FEE was excited in TGS crystals by the
laxation time is7=88.5s% Hence, in the case of an un- application of a 50 Hz sinusoidal switching field. The ob-
coated polar face bulk screening of the depolarization field iServed result§see Refs. 63 and J&howed that the FEE
strongly limited. The last FEE imag@ig. 11) showed an current is generated when the applied field reaches a value
intensive extinction of the FEE picture brightness in a shorsufficient for polarization reversal, which was controlled by
time, 7o~ 10" 2s. This time is four orders of magnitude less simultaneous measurements of hysteresis loops. FEE was
than the estimated dielectric relaxation time of this crystalobserved only in a ferroelectric phaseTa& T and the ef-
This is evidence that the FEE current contributes signififect appeared from a negatively charged ferroelectric polar
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face when the negative end of the polar axis extended to theFerroelectric
surface. _ Crystal Noncompensated

Direct measurements of FEE current density from a TGS Charges AP.
crystal in a 50 Hz switching fiefd resulted in jom arg S
=10’ Alcm?. Similar results were observed in a 50 Hz Dielectric
switching field for other ferroelectrics, including PLZT Layer
ceramic$8 !

It should be noted that in the reviewed papers the FEE
parameters were measured in a “plane” geometry when the
upper electrodéthe input plate of the used electron detegtor E /
was mounted parallel to studied ferroelectric fa¢€&sy. d.
2(b)]. The resulting FEE current was weak and did not ex- (e @.;
ceed 10’ Alcm?. This experimental setup differed from the
setup developed by Gundet al®’ where a patternetbtrip,
grid) electrode was deposited directly on the studied polar :
face. As a result, the distribution of the applied electric field — —
is drastically altered from a “plane” geometry. We firmly “U : :
believe that the experimental setup with patterned electrode Ud
led to absolutely new results when an extremely strong FEE
current reaching 100 A/chwas obtained:’

Detector

Overbarrier emission

Tunneling emission

VIll. NATURE OF “WEAK” FEE Ud(ﬁ)l‘
A. Basic features of FEE

The presented review of the experimental results in the
previous sections shows that the FEE effect is observed from / Eo
different ferroelectric crystals and ceramics. A list of studied 0 : l

ferroelectrics includes almost all well-known ferroelectrics U (z) ‘

(LINbOg, LiTaO; TGS, BgNaNkO;5, BasSr _,Nb,Og, 0

PbGe;0;1, Gd(M0O,)5, BaTiO;, and PLZT. They were

studied .unde.r various .Condltlons' FEE WaS_Observed_ fOI‘. pyIEIG. 12. Electron energy diagram in the depolarization field. The field may
roelectric, piezoelectric effects, and during polarizationpe generated during pyroelectric, piezoelectric, and upon polarization
switching. Despite different compositions of the investigatedswitching. Uy(z) is the potential energy of an electron in the equilibrium
ferroelectrics and diverse methods of electron emission excktate, x is the electronic work functionl4(2) is the distribution of the

tation. the common features of the FEE should be noted: potential of the depolarization field created by uncompensated polarization
! " charges, and)(Z) is the potential energy of an electron in the depolariza-

(@ FEE is observed in the ferroelectric phase only, tion field.
(b) FEE is generated due to a deviation of spontaneous

polarization from its equilibrium state, .
(c) FEE is an electron current into a vacuum screenindeSdcr is mounted on a sample holder. The rear face of the
depolarization field sample with an electrode attached and the input plate of the

(d) FEE current density is 10—10 2A/cm? for pyro- e!ectron detector are grounded. The detect_or is mounted at a
distanced,, from the front polar ferroelectric face.

Any changes of the ferroelectric crystal temperature, me-
chanical pressure, or polarization reversal causes a deviation
of the spontaneous polarizatidtP,. Chargegpositive and
negative are generated near the polar surfaces. They are
localized at the boundary between the ferroelectric crystal
and the dielectric layeiFig. 12). The existence of the surface

Analysis of the studied basic features of the FEE effeciayer of nonferroelectric origin is a well-known experimental
results in an important conclusion about the field origin ofand theoretical fact. It may also be considered as a layer of
electron emission from ferroelectrics. The source of thisocalization of screening charg&sThis charge is a source of
electrostatic field is charges of spontaneous polarizatiBg  three electrostatic fieldé~ig. 12): the field inside the ferro-
generated on ferroelectric polar surfaces. electric crystal bulkEy;,, in the dielectric layerEy,, and

A conventional experimental setup, which was devel-outside the ferroelectric crystal bulky,,. Numerous ex-
oped for all FEE measurements showing weak FEE currentmerimental data and direct measurements have shown that
is considered in Fig. 12. A “plane” geometry was used FEE is observed from a negatively charged surface. To esti-
when the plate of the electron detector is parallel to the flamate the probability of electron emission from a ferroelectric
ferroelectric surface. The studied front crystal surface is nonerystal, the field€y;,, Eg, andEg o, Should be estimated.
covered by an electrode. The ferroelectric sample of thickThe calculations were done by assuming a uniform distribu-

P S AON |

electric, piezoelectric effects and it reaches 18/cm?
if induced by polarization switching,
(e) FEE electron energy may reach the valué €0

B. Electric field distribution of a charged ferroelectric
crystal
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TABLE II. Calculated electrostatic fields and measured FEE currents for ferroelectric crystals and thin films for
pyroelectric and polarization switching effediShe estimation of the fields are performed for ferroelectric TGS
crystal and PLZT ceramics in accordance with the plane geometry of the experimental setup of Fig. 12 and Egs.
(12—(14); dgap=10um.]

Pyroelectric effect Polarization switching
Crystal (ceramics, Thin film, Crystal (ceramic$, Thin film,
de,,=1 mm de=1pum de,=1 mm de=1 um
TGS PLZT TGS PLZT TGS PLZT TGS PLZT
Electric field 0.9x10* 4.7x10% 3.7x10" 4.9x10? 5.2x10° 3.2x10° 2.2x1¢° 3.3x10°
Egin, V/cm
Electric field 1.8x10° 9.4x10° 7.5x1C? 50 1x10° 6.4x10°F 4.5x10° 6.7x10°
Eq, Vicm
Electric field 0.9x10° 4.7x10* 3.7x10° 250 5210 3.2x10° 2.2x10° 3.3x10*
Egout, VICM
Measured FEE 107 °-10"** 107 10 7-107°

current, Alcmd

tion of the fields for a flat surface. The expressions for theterest to estimate and compare the induced fields for ferro-

fields are given as follows: electric crystals and thin films for these two sorts of
AP 1 materials.
Eq m:_s X (12) Conventionally used ferroelectric crystals for FEE stud-
o e ﬁ ies have a thickness,,=1 mm and the measured minimum
" dgap value of the gap islg,;=10um (Fig. 12. For estimation of
the fields in ferroelectric thin films the thickness of the film
AP, 1 .
Eq= X g (13)  is chosen to be km.
€0

e

1+ 929, ) , Table Il shows the field intensity redistribution versus
der ¢ the sample thickness. The thinner the ferroelectric sample,

AP 1 the lower the fieldg ,,; responsible for FEE, and the higher
S

Edou= X 5 . (14)  the field Eyj, is in the bulk. The pyroelectrically induced
€ 1+ 92 field E4 o for @ TGS crystal with a thicknes$,=1 mm is
der & aboutE4 o= 10° V/icm. Experimental studies demonstrated

explicitly that the field is sufficient for a FEE curreit
=10°-10 2A/cm?. 1357374249581 3 thin ferroelectric
TGS film d,=1 um, the same pyroelectric uncompensated
chargeA P gives a fieldg o three orders of magnitude less
(Eg ou=3.7X 10° V/icm). It is obvious that such a low field
C. The problem of FEE from ferroelectric thin films: cannot cause electron emission. We did not find any pub-
“Size” effect lished experimental data for pyroelectrically induced FEE
Figure 12 and Eqs(12)—(14) show that the field inten- from TGS thin films. The “size” effect of pyroelectrically
sities strongly depend on the size relatiyy/dgyy, the value induced FEE was studied in ferroelectric crystals LINbO
of uncompensated chargd®,, and the dielectric permittiv- and LiTaQ, crystals of different thickness varying from 1 cm
ity e, of the ferroelectric sample. We will consider the to 100 um. It was shown that the FEE current from LiNpO
“size” effect for the plane geometry where a ferroelectric decreased appreciably for samples 100 thick.”2 The esti-
sample(crystal or thin film with a flat surface is mounted mation the minimal thickness along the polar agig (e
above the flat surface of the electron detector. It may be-50, J~10"°A/cm?) of a ferroelectric crystal when FEE
called a “plane-to-plane” setup. This experimental setupmight be observed results in a value @y ,,~50um. In
was used in all works on “weak” FERES35-37:42:49-58 the paper by Rosenmaha 50.um-thick ferroelectric disk of
Two sorts of materials, ferroelectric crystals TGS andLiTaO; showed a very weak FEE current induced by
ferroelectric ceramics PLZT 7/65/35, will be considered.CO,-laser heating. In this experiment the imaging IR radia-
They differ strongly in the value of spontaneous polarizationtion with A =10.6.m was enabled only when a bias dc elec-
(Ps,pLzt/Ps165=10) and in the dielectric permittivity tric field was applied to the sample.
(eerpLzt/eer1e5=50). In the case of the pyroelectrically in- Polarization switching of the TGS crystal permits the
duced FEE, measurements ofAP; showed APy  generation of uncompensated charges of more than 1.5 or-
~10 "Clcn?. This value will be taken for further ders of magnitude. The fielf 4, reaches 5.2 10’ V/cm
estimates. For polarization switchingdP; may be as and a much higher FEE current of 10A/cm? was
high as AP~2P; [AP(TGS=6x10°%uClcn? and measured® The estimategTable 1)) made for TGS thin
AP(PLZT 7/65/35)=68x 10" ° uC/cn?]. It is of great in-  films 1 um thick show a low value of the fiel 4, under

Figure 12 and Eq912)—(14) allow one to explain and pre-
dict some important experimental results.

Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



6122 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Appl. Phys. Rev.: Rosenman et al.

polarization switching Eq o= 2.2X 10° V/cm). This field is  tically changes the distribution of the applied electric field,
not sufficient to produce field-induced FEE current. and leads, as a result, to other physical processes, such as
Let us consider the fields and FEE currents for the PLZTsurface flashover plasma generation.
7165/35 composition in the case of the pyroelectric effect and
polarization switching. The fiel&, ,,; may be estimated for
the same uncompensated pyroelectric chargeP,
=10’ Clcn?. The estimation gives the fiel&y,, for a A high electron energyW,=5 keV was observed by
PLZT ceramic sample 1 mm thick 10 times less than that foRosenblumet al! during FEE from LiNbQ. These data
TGS because of the very high dielectric permittivity of the were later confirmed for TGS by Sujak and Sy&loyho
ceramic £=2.3x10°. The estimated fieldE4,,~=4.7 observed electron energies up W.=130keV, and by
X 10* V/icm (Table 1)) is too small for field emission. It is Rosenmaret al.”’ for LiTaO; (up to W,=100ke\). Figure
consistent with FEE measuremefitduring the pyroelectric 12 shows that the electrons emitted from a ferroelectric crys-
effect when no emission was observed from PLZT composital are accelerated by the fiell), .. and the electron energy
tions except in the region of the phase transitiéig. 6). is determined by a ferroelectric surface potental, Two
During polarization switchingAP of PLZT is very large charged capacitors, the ferroelectric crysigl, and the ca-
(APs=68x10"° xC/cn?). According to the estimates the pacitor Cy,,, formed by two plates, the input plate of the
field Eq o, for the 1-mm-thick sample may be as high aselectron detector and the upper surface of the sample, are
Eqgou=3.2X 10" V/cm. A comparison between a TGS crys- connected in parallelFig. 12. The potential of the system
tal (Table I) and PLZT ceramics shows that there is no ¢, Of the two capacitors may be written as
noticeable difference in the field, ., induced by polariza- AP
tion switching of the PLZT and TGS samples with a thick- %Fﬁ-
nessd; =1 mm. Despite much higher spontaneous polariza- cr ~gap
tion of the PLZT ceramics, its extremely large dielectric Obviously, the changes of the crystal thickndgsor the
permittivity suppresses the fiel; o, [Eq. (14)] needed for  vacuum gaglgy,, between the input plate of the electron de-
FEE generation. FEE from PLZT was excited by polarizationtector and the upper surface of the ferroelectric sample cause
switching in a 50 Hz sinusoidal fieR¥. The experimental variation of theC, and Cgap: Equation(15) shows that it
setup used was a conventional plane geometry with an eleshould lead to potential variatiap,, and, therefore, it should
tron detector mounted in the vicinity of the uncoated ferro-change the measured electron enevdy.
electric surface. The observed electron emission current from  Detail analysis and calculations of the surface potential
PLZT ceramics was very weak. @ Were implemented in the work by Rosenrffawhere the
In the case of ferroelectric PLZT thin films, reducing the problem was solved using the principle of superposition of
ferroelectric sample thickness toum leads to a strong de- electrostatic fields. The calculated data were in a good agree-
crease of the field&q o responsible for FEE. It is two to ment with the experimental results obtained for LitaO
three orders of magnitudes less than that which may bevhere FEE was excited by the pyroelectric effect. The elec-
achieved for crystals 1 mm thick under identical experimen-+ron energy was changed smoothly frakfy= 120 keV down
tal conditions(Table 1l). Obviously, the estimated field val- to 600 eV by varying the gagy,,from 3 cm to 10um. The
ues of 16—1C° V/icm are not enough to generate field elec-same effect of the electron energy alteration was observed
tron emission, especially of strong electron emission currenta’/hen the ferroelectric sample thickness was varied, whilst
reaching 100 A/crh It can be concluded that generation of the vacuum gap was kept const&ht.
the FEE current from ferroelectric thin films is highly prob-
lematic because of the pronounced ‘“size” effect. The only
explicit physical reason is as follows: The FEE effect is gen-E- Transient character of FEE

erated by the electrostatic field outside the charged ferroelec-  The fields distributior(Fig. 12 shows that generation of
tric capacitor. The thinner the ferroelectric sample along th@he uncompensated chargesP, and electrostatic fields
polar axis, the smaller the field that ejects electrons into &,.,,, Eq, and E4,, leads to three induced by the field
vacuum from a negatively charged surface. The additiona|I5d i, Jb=0¢ Eqin. The second curren; is a conductive
effect for PLZT ferroelectric thin films that leads to a de- cyrrent in the dielectric layer of the surfade= oy Eq;. The
crease of the field o is caused by its high dielectric per- third current is the FEE current,,. Figure 12 distinctly
mittivity. shows that the fiel&,, on the one hand, and fielé&s, and

To the best of our knowledge the experimental studies of |, |~ on the other hand, are of opposite directions. As a
FEE from ferroelectric thin films are very limited. We have resylt the generated pyroelectric effect or polarization
found only four papers where the FEE effect was studiedyitching chargeA P causes two screening currends; in
from ferroelectric thin film§Asanoet al,” Auciello et al,”  the crystal bulk and,,into the vacuum. Both currents cause
Averty et al,*® and Sviridovet al’’]. In the experimental 5 decreasing generated uncompensated cheRyeand lead

setup used in the papers referred to previously, a patternag sample neutrality. Finally we may write thatP.=Q,
electrode was deposited on the ferroelectric polar surface for g or

polarization switching, as was also done for strong ferroelec- : t

. ’7 . .
trlc_cathodeé. It will be shoyvn in the second _part of the APs:f Jindt+f Jemdt. (16)
review devoted to ferroelectric cathodes that this setup dras- 0 0

D. Electron energy distribution

(15
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The most convenient way to observe a contribution oftwo steps for FEE. The first step is an electron current flow-
the FEE current in screening process and to prove its traring in the dielectric layer toward the surface
sient property is to use a low conductive ferroelectric and to
generate high densitAPg for a short time to limit the Jreei=0oEq- (18)
screening process into the ferroelectric crystal Balkhe . . S
FEE depletion effect was obtained during poIarizationThe second step is tunneling emission into the vacuum
switching of Gg(MoQ,);. Weakening the FEE image indi- _
cates that screening afP¢ occurred during 10? s, which is Jree= JreeiD(Eqow. 19

four orders of magnitude lower than the dielectric relaxationyhereD (E4 ) is the penetrability of the electrons through

time in this crystaf’ It proves that the FEE emitted charge the potential barrier. The estimations were perforfaeding
contributes significantly to polarization screening. the known expression:

6.83x 10’

Ed out

D(Eq4 out):exp{ -

F. Tunneling mechanism of FEE

(= Wy )50

Numerous studies of the “weak” FEE effect allowed a 0'5“ . (20
proposal for the only mechanism for this phenomenon. The
effect was interpreted as field electron emission by all groups
participating in the studies. Figure 12 shows an electron en- The following groups of electrons were considered in
ergy diagram. At the equilibrium state, when spontaneouwerifying the model: free electrons which are in the region of
polarization is compensated by the screening chargé, (  surface band bending, electrons which are in a polaron band,
=0), an electron is in a potential welly(Z) (Fig. 12. The  and electrons which are localized on surface states. The con-
uncompensated charga®, generated at the polar faces by centration of free electrons is negligibly small for the con-
the pyroelectric or piezoelectric effect, leads to strongsidered ferroelectrics which possess a wide energy gap,
changes of the potential energy of the electrons. A curvavhich for LINbO; is as large as£,=3.9eV. The second
U4(2) (Fig. 12 depicts a schematic distribution of the po- group of electrons, which may contribute to FEE are elec-
tential of the induced depolarization field. As a result, thetrons localized on surface states. Negatively charged accep-
electron energyJ(Z) may be written as follows: tors (occupied by electronsscreen the positive end of the

spontaneous polarization. The donors occupied by electrons

U(2)=Uo*Uu(2). 17 are neutral. The negative end Bf is screened by positive
The schematic presentation &f(Z) results in definite charges of ionized donors. Therefore, the concentration of
conclusions concerning the electron emission fromelectrons available for electron emission into vacuum is very
ferroelectrics’? different for theZ® and Z~ faces. However, experimental

Two optional mechanisms of FEE from a charged ferro-measurements of FEE from these faces demonstrated equal
electric surface may be consider@darked by the arrows in  FEE currents. A good agreement with experimental results
Fig. 12. The first one is an overbarrier effect when the elec-for pyroelectrically induced FEE current was achieved when
tron energy inside a crystal lattice exceeds the work functionthe penetrability of the barrier was estimated for electrons
W, i~>A. The presented picture of the electrostatic fieldsoccupying the polaron barfd.It should be noted that the
distribution shows that the fielefy, moves the electrons to developed theoretical model of FEE from surface statas-
the boundary between the crystal and the vacuum. The initiatessfully described the experimental results observed from
energy of the electrons may be increased in this field becausEGS crystals in the region of the phase transition.
of the acceleration in the lattice. One should take into ac- All the above-mentioned models of weak FEE were
count the fact that acceleration of electrons may occur alongased on a concept of the field emission induced by the
the mean free path. Ferroelectric crystals possess very higbyroelectric effect or polarization switching. The field caus-
electron—phonon couplir, which was confirmed by esti- ing FEE was a macroscopic electrostatic field. A strong in-
mating that the coefficient of the electron—phonon interacfluence of local microscopic fields near polar faces was re-
tion in the ferroelectrics, LiTagand LiNbO;, " is as high as  cently observed by Kugel and Rosennfdidomain(head-
a=11. It enables the choice of the value of the mean fredo-head configuration of Ti-induffused LiNb@was studied.
path to be equal to the lattice constant0 8 cm. The elec- A thin crystal layer possessing inverted spontaneous polar-
tron energyWy i,=Eg4 X| (the magnitude of the field is ization totally suppressed the FEE current induced by the
given in Table 1); for its maximum value(polarization  pyroelectric field. A fabricated layer 1@m thick could not
switching Eq=6.7x10°V/cm. Therefore, one can get affect the macroscopic pyroelectric field of the 1-mm-thick
W, in=6.7x10"3eV. The data from the measurements of sample. A model of electrons localized in quantum wells at
the electronic work function for LiNb@showed® that its  the surfac&’ showed a definite discrepancy with the experi-
electron affinity isy=0.25 eV, which is three orders of mag- mental results. A correction was made by assuming that elec-
nitudes higher thanV,;,. Therefore overbarrier electron trons are localized in the exterior surface polaron states,
emission is unlikely to occur. where the additional barrier is influenced by a local positive

The second option, which may be considered for FEE, ipyroelectric potential created by inverted spontaneous
a tunneling effect. The model presented in the work includegpolarizationf®

X

3.79x 10*4Eg-§ut_ g—1
lﬂ_WXO 8|+1
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IX. CLASSIC AND FERROELECTRIC ELECTRON
EMISSION Collector power
: : : supply
The review of the published experimental results allows

a comparison of classic types of electron emission from sol-
ids with FEE. All known electron emissions are based on
either exciting electrons in solids by increasing their kinetic
energy, or changing the penetrability of the potential barrier
near the surface. Electron emission from ferroelectiffi¢sE)

is quite different as it does not need an external field or light
irradiation. Electron emission occurs from ferroelectric crys-
tal surfaces normal to the axis of spontaneous polarization by
using “plane-to-plane” setup in contrast to classic field
emitters utilizing “point-to-plane” geometry. FEE takes
place in the ferroelectric phase only. It is excited by uncon-
ventional methods such as polarization inversion or mechani-
cal stresqpiezoelectric effegt The energy of emitted elec-
trons may reach a huge value of 100 keV without any
external accelerating voltage.

FEE arises due to the ability of ferroelectrics to generate
electrostatic charges on their polar faces. The density of
these charges is high enough to cause field emission from a
ferroelectric by means of electron tunneling. FEE represents
the electron current into vacuum screening uncompensated
polarization charges. It should be emphasized that this type Pulse generator
of emission occurs because of the deviation of spontaneous
polarization from its equilibrium state. Thus, in comparisongg. 13, A typical experimental setup for electron emission generésiea
with well-known classic types of electron emission, FEE 0c-Refs. 8 and 74, and other papers
curs due to changes in a crystal lattice of a ferroelectric. This
fact, and unusual methods of electron emission generation,
make FEE a new type of electron emission from solids.

AARATRAR LA ATTRRAAARALIAVRL I AR 1A% AR RN RN

Collector \
Sample —l

tal. This electrode induced only a normal component of the
PART B: STRONG ELECTRON EMISSION FROM applied electric field needed for polarization reversal.

FERROELECTRICS Strong emission was excited by all researchers using a

patterned electrodestrip, grid, or ring deposited on the po-
I. ANALYSIS OF DATA ON STRONG ELECTRON lar ferroelectric surface. This type of electrode induces not
EMISSION FROM FERROELECTRICS only the normal component, but also a tangential component

The data reviewed in the previous part, devoted to th@f the applied electric field, which may cause a dramatic
FEE effect, showed that electrons are emitted from a charge@ffect of accelerating the emitting electrons along the ferro-
ferroelectric surface due to pyroelectric, piezoelectric, or po€lectric surface, followed by surface flashover-plasma gen-
larization switching effects. The observed electron current igration. A second important peculiarity of the patterned elec-
a field emission current screening generated charges of ferr§ode is that the polarization switching effect occurs below
electric origin. The FEE current measured by using electrorihe electrode, whilst the electron emission arises from an
multipliers is really weak, and is as small as uncovered partof the surface where polarization inversion is
10 '-10 *A/cm?. problematic.

Numerous publications starting from 1989, reported  Strong FEE is generated in different phase states of
electron emission from ferroelectric ceramics with a veryferroelectric ceramics(ferroelectric, antiferroelectric, rel-
high current density of 70-10° A/cm?. A huge divergence axor, and paraelectiicubjected to an external electric field.
in the electron currents from the same ferroelectric materialsAs a result, diverse field-produced effects of different origin
reaching 9-12 orders of magnitude, is a good reason fomay induce the electron emission. One can assume that elec-
assuming a basic difference between these two sorts of elegron emission parametetsurrent density, delay time, pulse

tron emission. duration, etg. should be different and this may be revealed
We would like to call the reader’s attention to the fact by a thorough analysis of numerous experimental results.
that the experimental setuplectrode configuratiorused in In Part B, Sec. | detailed data on experimental technique,

studies of strong FEE was quite different from that used forcalculations of the electric field distribution in ferroelectrics
the weak emission. Weak FEE exploited plane-to-plane gewith patterned electrode, results and models for strong FEE
ometry (Part A). In experiments with polarization inversion, are presented. Specific stress is given to the material science
an electron detector serving as a switching electrode waaspect, the physics of polarization switching, and field-
mounted parallel to the polar surface of a ferroelectric crysenforced phase transitions.
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A. Experimental technique electric field of several tens of kV/onwere applied across
the sample. Trigger voltage pulse duration usually varied
within the range(0.1-1) ws. The anoddor collecto) was

For studying strong electron emission from ferroelectricsyaintained at a positive potentigdulsed or constantwith
almost all researchers used an experimental setup similar ‘%spect to the cathode by a separate anode circuit in order to
that shown schematicaléy in Fig. 1&1$45chematic drawing  4ccelerate the emitted electrons. The accelerating afvotie
is based on Gundeit al,” Asanoet al,™ and other papeys  |o¢top voltage varied within a wide range of amplitude val-

Th? above—menuong-d. exp?r|ments were C?Egucgald undgfes up to 250 kV. Some researchers measured considerable
various vacuum conditions: from a vacuum o o 10 gjectron emission with no accelerating voltage appl@dn-

the pressure as high as 0.1 T6tTwo quite different kinds delet al-®! Benedelet al.®° Shannoret al.8 Asanoet al 7
of electrodes were applied to the ferroelectric samples. AShuret ;\I 91 Rosenmareqt al®) b ’

solid electrode is deposited on the back of disk-shdpgd- ! . . .
: . . The trigger voltagdeither positive or negativevas ap-
cally about 1-mm-thick and 1-cm-dianeeramic samples. A . : L
atterned electrode of different shapegsid, strip, or ring plied to th? rear el-ec.t rode with the-frotﬁmlttlng) electrode
P ’ ' rounded in a majority of the previous studfes!®*2In a

was used as a top electrode applied to the emitting surface. ) . . .
b bp g w studies:>the trigger voltage was also applied to a grid

patterned electrode consisting of interconnected metal strip = .
200 um wide, that were separated by bare strips of equa ront, emitting electrode of the sample. A comparative ex-
width, was employed by Gundeit al.! Ivers et al.® and perimental study of different modes of the trigger voltage

Asanoet al’* This electrode configuration became a “stan- 2PPlication was conducted by Shet al? with ceramics
dard” for further studies. Some authors used a metal grid’ 2T 12/65/35. It was found that the best values of param-

mechanically pressed to the frofemitting surface of the eters for ferroelectric cathodes, such as the energy spectrum
sample(see Cavazost al,*?> Sampayaret al,!! Airapetov of the electron beam, total electron current, and perveance,

etal,’s Shur etal,828 Rosenmanetal®). Sampayan &€ achieved when a negative triggering pulsed voltage is

et al™ studied ceramic samples with a grid electrode in the2Pplied to the front patterned electrode. Also, in experiments
form of a square mesh composed of 0.025-mm-diam tungby Krasiket al®” and by Dunaevskgt al*® different modes
sten wires spaced 0.75 mm on the centers. The standard gi@ applying the trigger voltagéof either positive or negative
electrode configuration was also used by Airapetval,t>  polarity) were studied for differently poled ceramic samples.
Zhang and HuebnéP, and Shannoret al® A copper fine Gundelet al®***#used monopolar negative trigger HV
grid (4 um wire diameter, 16um period was employed in pulses applied to the redsolid) electrode of the prepoled
studies by Shuet al®? and Rosenmaat al® Averty et al}®*  ceramic sample$PLZT 2/95/5 and PLZT X/65/35 wittX
used a patterned electrode with typical dimensions of severat 7,8,9,10. The grid electrode was grounded. A pulsed
hundreds ofum. In some experiments a set of interconnectedoower technique was used to generate fast rising high volt-
strips or a ring electrode was glued to the sample surface bgge pulses inducing the electron emission. For instance,
conductive silver paimt®®”#|n a study by Shuetal,’®*a  Gundelet al®! used an electrical circuit consisting of four 2
ring metal electrodéhe external diameter, internal diameter, nF capacitors linked to the ceramic sample via separate fast
and thickness of the ring were 6, 3.4, and 0.2 mm, respedransistor switches. This circuit allowed the authors to con-
tively) was mounted on the emittir@ront) surface of PLZT  trol the rise time of the pulses. A high repetition rate opera-
12/65/35 ceramic samples by silver paint. Boscetal®®  tion was achieved by applying high voltage pulse bursts of
proposed a front electrode consisting of a pattern of unconup to 50 pulses to the samples. A Faraday cup with a graph-
nected patches contained within a ring as one way of imite collector was used to measure emission current.
proving emission stability. In experimental studies by Iverst al® and Flechtner
Different metals including Cu, W, Au, Ag, Pt, Al were et |, % positive HV pulses with the electric field in the range
deposited in order to form the above-mentioned patternegs (10-20 kv/cm were applied to the rear surface of the
grid electrode. Variogtls depositionYEechniques, SU%Q as evap@srroelectric PZT ceramic sample. The high voltage pulses
ration (Gundelet al, _Asanoet%l., Shannoret al.™), ion  ere applied to the sample by a krytron switch through a 10
beam sputtlerlngAuueIIo etal.™), photochemical etching () jnpedance transmission line. A planar graphite anode lo-
(Jianget al %), and screen printingZhang and ngbn%ﬁ). cated several millimeters from the emission surface was
were employed. The electrodes issue was considered in d§zoq The anodeollecto) was maintained at a positive po-

tail by Riegeet al,™ who used 1- to 2:m-thick Au elec- o via) with respect to the cathode by a transmission line
trodes evaporated on top of a previously evaporated Cr lay%harged up to 500 V

(100 A thick as a successful technique for producing elec- 90,96
trodes. '

1. Electrode configuration and electrode materials

Benedek et al used the Pierce design for the
cathode-anode electrodes with un-prepoled PLZT 4/95/5,
PLZT 8/65/35, and PZTN. The measurements were per-
2. Triggering modes formed with a positive trigger pulseHV trigger pulse ap-

Conventionally, the trigger voltage for inducing electron plied to the rear electrodénonemitting, solid ong or a
emission was supplied to a ferroelectric sample by a higmegative trigger pulse applied to the front electrddeit-
voltage pulse generator. Fast risiigse time within the ting, patterned oneln the former case an accelerating volt-
range 108-10 ") trigger voltage pulsegthe typical am- age at the anode was used, while in the latter case the trigger
plitude is 1-8 kV for 1-mm-thick samples, that implies the voltage accelerated the electrons.
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Pleyberet al% used a 50 Hz ac electric field to induce PbZrO, PbTiO,
the emission from PLZT 9.4/65/35. A high current density 100 80 60 40 20 0
emission current was measured with a Faraday cup, while
weak electron emission was measured with an electron chan-
nel multiplier and a pulse counting system. Almost the same
experimental setup was used by Okuyaetal* with pre- 3
poled PZT ceramic samples. To induce polarization reversal, &
double (bipolan pulses were used that consisted of a nega- g
=
<

tive pulse of 10us duration following a positive pulse of 10 20 % - -
us applied to the rear electrode. .::o:.:“::::o‘.:,“:::‘:’:"’

Jianget all® used an electron gun geometry originally ".::‘:,::.0‘¢0¢‘¢0«‘&0‘::‘:‘:“‘,
designed for a thermionic cathode. They kept the same elec- 4 Q‘::::.’ mixed phases ::::‘:::::::“"“
trode geometry, but replaced the thermionic cathode with a 0000800 %0 e S 0 e Yt e ta e e tTe S nTe toutesy

J Y P B SR TS [50SS5

ferroelectric one in order to compare basic parameters of the

cathodes. FIG. 14. A room temperature phase diagram of the PLZT system.
Bipolar trigger voltage pulsé$ or monopolar voltage

pulses causing an electric field direction opposite to that ofray of fast Penning probes. Visible light emission ascribed

the spontaneous polarization vecfarere used to induce the (o the surface plasma formation was recorded by a fast frame

polarization reversal. Itis interesting to note that Asahal.  camera 4QUICKO05A, with a frame exposure of 5-1Fhs

74 ; ; ; i i ' : : . |

studied thin PZT ceramiS0—45um thick) samples with- — punaevskyet al®” also studied uniformity of the extracted

out prepoling, while Miyakeet al™" investigated the samples ejectron beam as a temporally resolved soft x-ray image of

of 190 um thick W'thlla”d without prepoling. the anode and spatial potential distribution inside the anode—
Sampayanet al.”~ used the trigger voltage pulses cathode gap. A radial distribution of the extracted electron

coupled to the rear electrode of the ferroelectric cathodesyeam was measured by an array of collimated Faraday
High accelerating anode—cathode voltages up to 60 kV wergyps?’

applied. Cavazoet al'? used a bias voltagéccording to
the authors this voltage induces a preset dipole monegnt  B. Materials and phase diagram
plied to the grid electrode, together with the pulsed trigger1. Brief survey of materials studied

voltage by use of a coupling capacitor. As one could see in the previous paragraph, RIE&d

zirconate titanateand PLZT(lead lanthanum zirconate titan-
3. Measured and controlled parameters ate) ceramics of different compositions were widely used as
Several basic parameters were controlled in the abovéerroelectric  cathodes. Comprehensive reviews  of
mentioned experiments. The electron emission current waBZT[Ph(Zr, Ti)O5] and PLZT(Pb, La(Zr, Ti)O5] ceramic
usually measured by a plane colleét6t or the Faraday materials, used in most of the above referred ferroelectric
cup8918ghyret all® and Shannoet al® used a grid col-  cathode studies, can be found elsewtt&ré%°
lector which allowed the emitting surface to be viewed and  The room temperature phase diagfaof the PLZT sys-
photographed. The emitted electron charge was controlled bgm is shown in Fig. 14. PLZT oK/65/35 composition,
the use ofRC integrating circuit>®° whereX is the atom percent of La and 65/35 is the ratio of
Several authors measured a current in the samplPbZrO; to PbTIO;, was typically usedFig. 14. For X<8
circuit >°617:88yhich may be a switching current in the case PLZT X/65/35 is a ferroelectric composition at room tem-
of a true ferroelectric material if the direction of the electric perature(Fig. 14). If X=8, theX/65/35 composition is non-
field applied allows polarization reversal. Polarization rever-ferroelectric (relaxon, and cubic in its virgin staté (Fig.
sal was continuously monitored by a hysteresis loop and4).
switching current measurements in the studies by Shur A variety of PLZT compositions, including relaxor com-
et al®28and Rosenmaet al®* positions 9/65/35, 9.4/65/35, and 10/65/35, antiferroelectric
Electron energies were measured by the retarding potercomposition 2/95/5, as well as ferroelectric compositions
tial method*®>°* or CMA of the Auger electron 7/65/35, 8/65/3%Fig. 14 were used in the ferroelectric cath-
spectrometef® The study of electron energy spectra in dif- ode studies referred to previously. It is worth noting that
ferent triggering modes was conducted by Seual®* relaxor and antiferroelectric materials do not possess a mac-
The ion current component was measured by use of ascopic spontaneous polarization. These materials, demon-
negatively biased collimated Faraday cif>®*%®Recently, strating good electron emission characteristics, may exhibit
energy spectra of emitted charged partidlbsth electrons macroscopic polarization only, being subjected to a high ex-
and ion$ were investigated by use of a temporally and spaternal electric fiel®® Furthermore, strong electron emission
tially resolving electrostatic spectrometé?! Basic param- was also observed from the PLZT 12/65/35 ceramic compo-
eters of the plasma created on the ferroelectric surface, sudition related to the paraelectric pha8ét should be noted
as plasma electron density and plasma electron temperatutbat all used ceramic compositiofBZT and PLZT possess
were studied by single and double floating prolBsnae- a very high relative dielectric  permittivity g
vsky et al®). The author® also studied parameters of neu- =2000—3000). The ferroelectric compositions have sponta-
tral flow generated during the electron emission by use of ameous polarization of tens qfC/cn?.%®
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Some experiments were conducted with T&®lycine  X/65/35 (X=6,7,8) related to the ferroelectric rhombohedral
sulfate ferroelectric single crystal®}138284The “model”  phase, the coercive fielff, is about 6.8—13 kV/cm af
TGS crystal, which is among the most investigated=300 K% which implies the application of 1-2 kV voltage
ferroelectrics:%21% can be switched easily in electric fields stress to 1-mm-thick samples.
as low as several hundreds of V/d@30 V/cm is a typical (c) A complete reversal oP is performed under the
coercive field at room temperatyreThe most important definite conditionry,= o, Wherery, is the duration of the
properties of the TGS ferroelectric crystals is a IGw 50—  applied voltage pulse, anegl,, is the polarization switching
100 times compared to PZT and PLZT ceranidielectric  time 1°® Ferroelectric polarization switching can be consid-
permittivity e =30 along the polar axis and an easily achiev-ered as a phase transition of the first offé®® The applied
able Curie temperaturg,=49 °C. Spontaneous polarization electric field causes displacement of ions or polar groups in
of the TGS crystals i®s=2.8uClcn?, which is about one the ferroelectric crystal matrix along a specific crystallo-
order of magnitude lower than typical values for PZT andgraphic direction that is a polar axis. This field-induced ef-

PLZT ceramics. fect represents a three-stage process consisting of nucleation
of domains with opposite polarity, domain propagation into
2. Materials science aspects the crystal bulk, and subsequent sideways domain wall mo-

Thus, various PZT and PLZT ceramic compositions usedion. The switching timerg,, strongly depends on the value of
for development of ferroelectric cathodes are related to dif2pplied field which also determines the polarization reversal
ferent phase state§ig. 14. Application of a high electric stage limiting the switching timgeither by the domain
field to a ceramic sample may cause diverse field-inducefiucleation rate or the domain wall velogity-or instance, in
phenomena, such as reversal of spontaneous p0|arimipn weak electric fields the forward grovvth veIocity of needlelike
field-enforced phase transition, or conventional dielectric podomains limits the switching time. In a recently published
larization. The observed effects in the studied ferroelectri¢eview™® on ferroelectric thin films, the switching kinetics
ceramics depend on their original phase state, which in turkvas considered in detail. The presented experimental data on
is determined by the ceramics composition. It should be emswitching time (,) in ferroelectric PZT thin films
phasized that physical properties of the considered PLZT andemonstrate® r,, within the range of tens of nanoseconds
PZT ceramics were intensively studied for development of 420—40 n$ for applied electric fields as high #200-1200
new generation of electro-opﬁ 4-106 piezoelectric, and kV/cm. These fields are 10—100 times higher than those used
electrostrictive device¥’ for excitation of ferroelectric cathodes. This allows one to

Analysis of the published papers shows that ferroelectri¢lassify the field applied to ferroelectric cathodes as weak or
emission was investigated from almost all known phasdntermediate fields from a polarization reversal viewpoint. In
states in PLZT ceramics. According to the phase diagranthis case, the minimal switching time, which may be
presented in the Fig. 14, the investigated ceramic composkchieved, is roughly determined as the sample thickness di-
tions are related to four phase states: ferroelectric rhomboheaided by the velocity of sound. It should be noted that even
dral, relaxor, antiferroelectric, and paraelectric phase. Let ui the higher switching fields used, for instance, with ferro-
recount peculiarities of field-induced effects in these phaselectric thin films, supersonic domain wall velocity remains a
states. problematic issue. Therefore, the polarization switching time

(1) The ferroelectric phase possesses stable macroscopig,, of ferroelectrics should be limited by the sound velocity,
spontaneous polarizatioR, without any external electric which is of the order of 10cm/s for PZT ceramics! One
field. The main feature of this state is the possibility to re-can roughly estimate that for conventionally used ferroelec-
orient the direction ofPg by applying an external electric tric samples 1 mm thick the switching time cannot be shorter
field. In the ferroelectric phase, the reversal of spontaneouthan 1 us. In the case of short voltage pulses with,,
polarization occurs when several experimental conditions are 7, a partial polarization switching occut® The ferro-
satisfied. electric sample demonstrates two stages of polarization re-

(a) The direction of the applied field,, should be op- versal: direct conventional switching & and backreversal
posite to the direction of the polar axBg. In order to  to the initial polarization state. In this modey(,< 7,) the
achieve polarization reversal, a normal electric field compoferroelectric cathode may be driven by unipolar pulses with
nent between the rear and front electrodes is required, that Isnited repetition rate which is determined by the duration of
ideally realized with two continuous metal electrodes. It will the direct and backreversal switching process also occurring
be shown in this review later that patterned electrode depoen a microsecond time scale.
sition drastically changes electric field distribution within the (d) Complete polarization reversal occurs when the
sample and, as a result, the polarization reversal kineticswitched polarization chargdp=2P; is totally compen-
Unipolar voltage pulses may cause only a onefold reversal cdated by charges supplied by the switching current via an
Ps. Any periodic regime of the electron emission in the external circuit® It is known that polarization inversion is
reversal mode needs bipolar high voltage pulses for the pestrongly influenced by electrical properties of the interface.
riodic reversal of spontaneous polarization. Early studies of polarization switching in BaTjQRefs. 112

(b) The fieldEg, should exceed a definite threshold field and 113 demonstrated that the sidewise motion velocity of
which is called the coercive fiel&.. The field E. varies domain walls, measured with crystals having metal elec-
within a wide range depending on the composition and temtrodes, is several orders of magnitude less than that found for
perature of a material. For ferroelectric ceramics PLZTthe same switching field with liquid LiCl electrodes. An
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asymmetric switching current was obtained by Kugel in TGS (3) The antiferroelectric phas@-ig. 14 also does not
crystals when they were inverted through the gap betweepossess macroscopic polarization. The applied high voltage
the switching electrode and the polar surface of thestress induces a field-enforced phase transition to the ferro-
ferroelectrict'® The effect of nonidentical electrodes was electric phase. Upon inversion into the antiferroelectric phase
studied by Wurfel in Refs. 115 and 116 where one of thea poled ferroelectric ceramic releases all polarization charges
polar surfaces of TGS crystals was coated byrhgpe Si  and therefore can supply a great amount of energy. Thorough
electrode. Dielectric hysteresis loops, showing polarizatiorstudies of this type of phase transition in pulsed switching
switching in an alternative electric field, were greatly dis-fields were performed by Paet al!?* for ferroelectric ce-
torted because of the unipolar conductivity of the semiconramics (PR gLag02)(Sn, Ti, ZnOs. The measured switching
ductor properties of the Si switching electrode. Studies ofurrent via deposited metal electrodes from a sample 0.6
polarization switching in different ferroelectrics that used thex 0.4 mm was as highsa5 A in anelectric field of 32.5
method of nematic liquid crystaksee Ref. 11) led to the  kV/cm. The phase transition from the antiferroelectric to the
conclusion that the switching time is defined by the conducferroelectric phase was not abrupt. The switching time for
tivity of the liquid crystal which was inserted between the samples 0.15-0.3 mm thick was within the range 12
metal electrode and the ferroelectric surface. Detailed studiasnder the field of 30 kV/cmi?? Parket al'?® observed a very
of the influence of the interface conditions implemented forimportant phenomenon of the irreversibility of the field-
TGS crystal$!® showed that a thin um dielectric film be-  enforced phase transition. When a sample of PLZTS ceramic
tween the switching electrode and the polar ferroelectric facavas exposed enough to the electric field for inducing the
totally suppresses the polarization switching process. AFE-FE transition, the ceramic did not return to its virgin
The problem of polarization switching is especially im- state. The effect of the irreversibility was confirmed in a
portant for ferroelectric cathodes. The experimental setuprecent study by Pokharel and Pandé&}y.
which is used for the cathodéFig. 13, shows that polar- This transition from the antiferroelectric to the ferroelec-
ization inversion occurs with a deposited patterned metalfric phase was thoroughly studied and proposed for use in
electrode. However the electron emission is generated frordigital displacement transducéfS. The response time for
the uncoated polar surfa¢Eig. 13 where the mechanism of the antiferroelectric—ferroelectric phase transition induced by
compensation of the depolarization field is not clear at allthe electric field was as high as 100 f8In these experi-
This results in the fact that polarization switching in this ments the sample returned to the initial state when the field
region is considered to be very problematic. was switched off. Thus ferroelectric cathodes based on the
(2) The relaxor phaséFig. 14 has a macroscopic sym- antiferroelectric—ferroelectric field-induced transition may
metry of the paraelectric nonpolar cubic phase with zerde operated in the repetitive mode by monopolar switching
macroscopic spontaneous polarizatiBg. Extremely high fields, as well as in the case of the relaxor materials.
dispersion of the dielectric permittivity within an extremely (4) Paraelectric phase compositidifisg. 14 have a cen-
wide temperature range allowed one to assume the existent®symmetric cubic structure which does not permit any
of microscopic spontaneously polarized regiésmaing of ~ spontaneous polarization. A ferroelectric state cannot be in-
nanometer size dimensions. The PLZT relaxor materialsluced by an electric field, as it occurs in relaxor or antifer-
have nearly nonhysteretic polarization as a function of theaoelectric phase compositions. The only field-induced effect
electric field. A comprehensive review of relaxor PLZT andin this phase is a dielectric polarization occurring in all di-
other relaxor ceramic compositions was published byelectrics. The described ceramics are related to ionic media.
Crosst® Application of a high electric fielEy, leads to a  Therefore, the electric field application causes an ionic po-
field-enforced phase transition from a macroscopically nonfarization. The response time of the ionic polarization is very
polar relaxor phase to a ferroelectric phase steggagonal  short, being determined by the frequency of ionic oscillations
or rhombohedral symmetyypossessing macroscopic polar- (10'*Hz). Ceramic cathodes based on paraelectric composi-
ization. Field-induced phase transitions in these compositions may be activated by monopolar voltage pulses.
tions was widely studied by Haertling and Laffdand As was mentioned previously, strong electron emission
Lang!?° who proposed diverse electro-optic gates and shutwas also studied from ferroelectric TGS crystt&* This
ters based on electrically controlled birefringence. Accordingerroelectric possesses, at room temperature, a spontaneous
to the experimental data observed, the applied electric fielgolarization of P¢=2.8Clcn?. The ferroelectric state oc-
needed for on/off optical switching, based on the phase trarcurs in a limited temperature interval. At the temperaflire
sition relaxor—ferroelectric for these PLZT compositions, =322 K (Curie temperatupethe TGS crystal passes the
varied in the interval ofEg,=10-30kV/cm. Switching phase transition ferroelectric—paraelectric. This crystal rep-
times required for an on/off transition of the PLZT 10/65/35resents a very simple and comfortable model for studies of
ceramic sample 0.25 mm thick was as long as#0'*'  the influence of the spontaneously polarized state on electron
Studies of PLZT 9.4/65/35, motivated by the application foremission generation. The coercive field for pure TGS crys-
flashblindless goggle’$® also demonstrated a microsecondtals is as low a€.=0.5—1 kV/cm. The switching time de-
range time of the transition for a glasslike state to a macropends on the applied field, and it varies within the interval
scopic ferroelectric ordering under an electric field of 33.2from microseconds to millisecond®
kV/cm. It should be noted that ferroelectric cathodes based Thus, the short review of various phase states of ferro-
on relaxor materials may be operated in a repetitive mode bglectric ceramic compositions and crystals used in ferroelec-
application of a monopolar switching field. tric cathodes shows that they have quite different crystallo-
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an electrode was attached to a ceramic sample, as shown
Strip Electrode schematicglly in Fig. 15. Th'e emitting pplar surface of a
ferroelectric was patterned with a metal grid electrode, while
a solid metal contact was deposited on the rear @tag 15).
The schematic qualitative drawing of electric field lines of
Fig. 15 tentatively shows that polarization switching, or any
field-induced phase transition, occurring due to a normal
component of the electric field, can take place under grid
electrodes and, probably, in adjacent regions due to fringing
fields. However, electron emission occurs from bavithout
Ferroelectric an electroderegions of the ferroelectritFig. 15, where the
4 normal (switching field component is negligible near the
Rear Electrode emitting surface and appears in the ferroele-ctr?c bulk onlly. It
should be stressed that weak electron emission, considered
FIG. 15. A schematic drawing of electric field lines in a typical setup for the earlier in this paper, was observed in a ‘“plane-to-plane”
investigation of strong electron emission from ferroelectrics. geometry without the strip patterned electrode. Hence, one
can assume that the specific geometry of the front electrode
may be a key factor leading to the drastic emission current
graphic symmetries and physical properties. This analysifcrease observed in numerous studies referred to previously.
allows the estimation of important features of ferroelectricThis motivates a study of electric field distribution in a typi-
cathodes as a function of the material's phase state. Angal ferroelectric cathode experimental setup with a grid
field-enforced phase transition, such as ferroelectric domairstrip) patterned front electrode.
switching, relaxor—ferroelectric, or antiferroelectric— Distribution of the applied electric field in ferroelectric
ferroelectric phase transition has a time response limited teathodes was also simulated by Guni#&lwho used MAFIA
the microsecondor even milliseconftime scale. A very (Maxwell’s equations using a finite integration algorithm
short response time should be observed in the nonreversgbdes. It was shown that the electric field between the strips
mode for ferroelectric and paraelectric phase compositiongnderneath the ferroelectric’s surface is oriented parallel to
when conventional dielectric polarization occurs. the material/vacuum interface, rather than perpendicular to it.
Basic modes of the strong electron emission from ferroyrthermore, it was found that the electric field below the

electric materials should be summarized here on the basis @haterial's surface decreases with increasing distance to the
material science considerations. Polarization reversal modgectrode stripe&?

of electron emission may be realized with materials related  The simulation of the static electric field distribution was

to the_fe_rroelectric stat_e (_)nly if_ all conditions stated p_reVi'performed later by Rosenmaet al® in order to study a
ously in item(1) are satisfied. Bipolar voltage pulses with a yogsipility of domain switching in the vicinity of the free
microsecond pulse duration are a requifiedt not sufficient g tace “which according to the traditional interpretation,
condition for this mode. The field-induced phase transitions,, ,seq the electron emission from ferroelectrics. Calculations

mode may be realized with either a relaxor or an antiferroy, oo gone assuming the ferroelectric to be a dielectric me-

eli?t;'cdmla:t.e::jal.’ zrovuglr:g co.rt1.d|t|ons of ge'@)h‘?r (321 at:e dium with a dielectric constant of =1000. Calculation re-

satistied. Field-induced transiions can be achieved by Mog, presented in this chapter were obtained for typical geo-

nopolar voltage pulses, but the time characteristic remains___ . ] T .
o o : : metric parameters: both strip width and distance between the

critical for realizing this mode. A nonreversal mode is real-Stri s are 20Qum, the thickness of the sampleds=1 mm

ized with paraelectric materigbee item(4)]. Furthermore, P ' P '

) . . Simulation results are presented in Figs. 16 and 17. The
this mode may be realized with any other mate(fiefroelec- lied electric fielcE, = V/d (whereV is th tential dif
tric, antiferroelectric, or relaxgrwhen the applied voltage applied electric felt=,= wherev: IS the potential dit-

pulse does not cause spontaneous polarization reversal. ference "flr?]p“ed blfatwe(fan the eflg (I:(tjrc)Edﬁ/as tak(]?nthas a ref-
One can see that a variety of ferroelectric, relaxor, ami_ergnce.f € a_tp;yecﬂre irenc& 1€ dg was % ¢ egzamz
ferroelectric, and paraelectric ceramic compositions, as weffrder of magnitude as the coercive dig(see Refs. 98 an

as TGS ferroelectric crystals, were used for strong electroq® N most of the studies on the strong electron emission

emission studies. Basic parameters of the electron emissidfP™m the ferroelectrics referred to at the beginning of Part B,
observed will be reviewed in Part B, Sec.(Bmission cur- €. |. TheY axis (Fig. 16 is parallel to the spontaneous

rent density, current pulse width, eti order to understand polarizationPg. Ey denotes the normal electric field compo-

their dependence on the material used. nent causing polarization switching Eyv>E; (Eyv>E,).
_ _ o Figure 16 demonstrates that for all points within the area
C. Electrode configuration and electric field confined between the plané=0 and the calculated curve

distribution in ferroelectric cathodes (in normalized coordinate¥/L vs X/L for L=400um) of

In the majority of papers dedicated to strong electronthe normal electric fielEy is less than the reference value
emission from ferroelectric ceramicsévers et al. (Ref. 9, E,=V/d. The maximal depth of the region whefe<E, is
Jiang et al. (Ref. 10, Gundelet al. (Ref. 81, Sampayan Y~0.5L=200um atX=0.5_ (Fig. 16. Therefore, one can
et al. (Ref. 11, Okuyamaet al. (Ref. 14, Riege(Ref. 127) conclude that polarization reversal is problematic within the
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e L _ The following conclusions can be made on the basis of
the above-mentioned simulation.
(1) Using the patterned electrode configuration in ferro-
a electric cathodes causes drastic changes in the applied field
0.1 distribution, in comparison with plane-to-plane geometry ex-
Strig Elects ue/ ploited for the generation of the weak FEE. Both normal and
tangential components are induced by the patterned elec-
trode. The normal field which may cause polarization switch-
ing or a field enforced phase transition is negligibly small in
the vicinity of the polar emitting surface uncoated by the
patterned electrode. Because of this we firmly believe that
polarization switching or a field-induced phase transition
cannot occur in the vicinity of the ferroelectric surface be-
tween patterned electrode fragments except in the region
which is very close to the electrode.
(2) The tangential electric field component appears near
the electrode strifé%1?8in a typical ferroelectric cathode
X/L geometry. The tangential electric field may cause accelera-
FIG. 16. An equal value line of the normal electric fillg=V/d in the  tion of electrons along the ferroelectric surface with subse-
normalized coordinate syste¥iL vs X/L. X is the horizontal coordinate, quent electron avalanching and surface plasma gener’ﬁtion.
is the vertical coordinate,is the strip widthL is the strip’s periodV is  Besjdes, the tangential electric field component near the elec-
the applied potential differenced,is the crystal thickness. . . N
trode strips may cause 90° domain switching in RBLZT)
ceramic$® We will be able to see in the next section how

region where the normal electric field is less than the coerthe tangential electric field component can dramatically
cive one. change the physical nature of the phenomenon.

This conclusion is confirmed by the data in Fig. 17. In ~ Meanwhile, one important aspect of the microscopic
this figure the normal electric field componei,), calcu-  Structure of ferroelectric dielectric materials should be briefly
lated for depth value¥=10A andY=50A, is plotted as a discussed. The electrons in ferroelectrics are in a polaron
function of a distance from the electrode edge-@). The  state due to a strong interaction between electrons and opti-
normal component of the electric fiel, decreases drasti- cal phonons in these crystafs:***The mobility of the elec-
cally in the vicinity of the electrode edge. For instance, thetrons in the polaron state may be as low as 4@/ (Vs)
field Ey becomes five times less compared to the appliedndicating a hopping mechanism of the conductivity3!
field V/d at the distancéX<100nm for 10 A depth and at The mean free path of the electrons is defined by a polaron
X<200nm for 50 A depth. radius; and, for most low conductive ferroelectrics, polarons
of a small radius(“small polarons”) contribute to the
conductivity'?® The mean free path of such polarons is of
the order of a lattice constant. This implies that the electrons
from a polaron band are emitted from a depth of no more
than 10-20 A. Since electrons may be emitted from a shal-
low depth (10-20 A only, the switched area which may
contribute to the electron emission is adjacent to the strip
edges(see Figs. 16 and }and does not exceed 0.1% com-
pared to the entire area without electrodes, which makes the
emitting area negligible. Furthermore, if the switching pro-
cess occurs in the bulk of the sample where the normal elec-
tric field seems to be sufficient for polarization switching
(see Figs. 16 and }7it will not contribute to the electron
emission into the vacuum because of the strongly limited
free mean path.

According to the above-mentioned polaron concept,
electrons can be emitted from the regions located in the vi-
cinity of the surface of the ferroelectric only. However, on
the basis of theoretical simulatiorisee Figs. 16 and 17a
good question to ask is how polarization switching may be

X-a (pum) facilitated in the vicinity of the ferroelectric surface where
FIG. 17. The normal electric fieldsy , as a function of the distance from the normal e|eCt.I’IC.er|(.1 is negligible. On_e Ca_m also_ asl_< hO_W
the electrode X—a) for two different depthsY=10 A andY=50A. The  the electron emission is related to polarization switching in
field Ey=V/d corresponds to unity on the vertical axis. ferroelectrics in general.
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D. Basic experimental results on strong electron PZT and TGS materials with a pulse duration of the order of

emission hundreds of nanoseconds. The emission was stimulated by a
Application of a triggering high voltage pulse to a ferro- Periodic bipolar voltagemostly sinusoidal with the emis-

electric cathode may cause a diverse field-enforced effe©On current observed during negative voltage half-period on

depending on its phase state and mode of operation. This pdfté réar electrode. Airapetat al. observed peak emission

of the paper reviews experimental results on the basis of thgU"™ent densities up to 400 Alcnin tens of nanoseconds

ferroelectric materials used. time scale from the ferroelectric PSZlead strontium zir-
conate titanateceramic composition. Okuyanei al'* mea-

1. Electron emission from materials in the sured up to 70 A/ctfrom ferroelectric PZT ceramics under

ferroelectric phase a bipolar switching voltage. An emission current density of

It was shown that applying fast rising monopolaega- ~ UP to several Alcthwas observed by Miyaket al*” and by

tive polarity) high voltage pulses of several kilovolts ampli- Zhang and Huebn&tfrom ferroelectric PZT ceramics in the
tude (tens of kV/cm in terms of the electric field strength ~ Same pulse duration time scafap to 100-200 ns The
the ferroelectric PLZT 8/65/35Refs. 6 and B ceramic €mission was stimulated by monopolar negative voltage
samples causes electron emission currents of several?A/critlses applied to the rear electrode. Miyadeal,'” who
and emitted charges of severaC/cn?.%%8 The electron studied both poled and unprepoled ceramics, found only a
current pulse width did not exceed several hundreds olight difference(a factor of 2 in peak current densitpe-
ns *81 Numerous data showing the influence of the ampli-tween the poled and unprepoled ceramic states.
tude, rise time, and repetition rate of high voltage pulses on Jianget al*° reported emission currents up to 36(20
the electron current and charge density emitted from ferroA/cn’) at an accelerating voltage of 22.5 kV in a submicro-
electrics were reported by Gundet al®* Gundelet al®*  second time scale. The ferroelectric cathode emitted a one
also presented studies of strong electron emission from ferrg2rder of magnitude higher current, compared to the thermi-
electric PLZT 7/65/35 ceramics. The currents measured fror@nic one in the same experimental setup. The measured
PLZT 7/65/35 ceramics were of the same order of magnitud®rightness of the electron beam was as high as 1.2
(several Alcr). x 10" Alem?sr* (at a beam current of 15 A and an extrac-
Electron beam current density of up to 70 Afcfelec-  tion voltage of 10 kV. Peak currents up to 150 A, on apply-
tron pulse duration about 200 )nfrom PZT ferroelectric  ing acceleration voltages up to 60 kV, were measured by
ceramics, caused by the electric field of 10-20 kVieno- ~ Sampayaret al** Both Jianget al'® and Sampayaet al**
nopolar positive voltage pulses applied to the rear elecirodeused monopolar high voltage pulses for inducing the electron
was reported by the Cornell research grolyerset al. (Ref. ~ emission current. The currents were above the Child-
9), Schachteret al. (Ref. 132, Flechtneret al. (Ref. 95].  Langmuir limit!%* According to Sampayaet al** the mea-
The current was found to vary linearly with the anode volt-sured electron beam brightness wa0® A/cm?sr%, which
age and exceeded by two orders of magnitude that of this two orders of magnitude lower than that measured by
Child—Langmuir current. Jianget al° The electron currenttens of A/cn?) pulse du-
Benedeket al®® observed electron emission when the ration was extended to several microseconds as reported in a
ceramic PLZT 8/65/35 is excited by a posititgonopolay  recent paper by Flechtnet al,’® who used monopolar posi-
trigger voltage pulse on the rear electrode and by a negativiive or negative high voltage pulses applied to the rear elec-
pulse on the frontemitting electrode(the electric field ap- trode. Advaniet al!*® showed that pulsed electron currents
plied was of the order of tens of kV/cm ajscEmission up to 1 kA, with a pulse width of several microseconds, can
currents of less than 1 A/cmwere measured without an be generated with ferroelectric cathodes. These results allow
acceleration voltage. The positive trigger voltage pulse wasne to assume that high current pulsed electron guns based
applied to the rear electrode. Strong emission currents of teren ferroelectric cathodes may be developed. It should be
of A/lcm? were observed by adding the accelerating voltagestressed that the emission current pulse extension in most of
in the case of positive pulsing via the rear electrode or bythe papers referred to previously was achieved with monopo-
pulsing the front electrode with negative trigger pulses.lar trigger high voltage pulses. Obviously monopolar excita-
Emission current pulse durations did not exceed several huriion can cause only onefold polarization inversion. However,
dreds of ns except in special cases of extremely low diod& can induce conventional dielectric polarization.
impedancé?® which should be evidence of gap closure by a  Reversal and nonreversal modes of the emission excita-
plasma. Further studies of the above-mentioned PLZT ferration were studied by Shur and Rosenffisin the ferroelec-
electric ceramic compositions by Benedetkal °® showed a  tric ceramics PLZT 7/65/35. In the reversal mode, with bi-
correlation between the emitted and the polarization switchpolar voltage pulses reversing the spontaneous polarization
ing current. The PLZT samples emitted only if their switch- direction, emitting current pulses in the microsecond time
ing current was short and mes&in a recent study by Bos- scale were attained with relatively low applied voltages
colo etal® improved stability of the strong electron (Va=500V for 0.3-mm-thick PLZT 7/65/35 sample&
emission was achieved by use of a special form front eleceomparison with the voltage, which should be applied in the
trode consisting of unconnected metal patches containedonreversal modeM,=1500V), for the electron emission
within a metal ring. generation. The reversal of spontaneous polarization was
Averty et al!® and Pleybeet al®? observed strong elec- proved by measurements of the switching current. Additional
tron emission currents up to 10—20 A/€fmom ferroelectric  evidence ofP reversal was the fact that applying repetitive
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trigger pulses of the same polarity, with an amplitude ofparing two types of front electrode, basic parameters of elec-
about 500 V, did not cause any electron emission current. tron emission from PLZT 4/95/%emission current density

Parameters of the strong emission induced by these difup to several A/cr) pulse duration up to several hundreds of
ferent modes were studied. Maximal emitting current densitynanosecondsvere confirmed. In order to make PLZT 4/95/5
up to 10 A/cnf for both modes was measur&However show electron emission parameters comparable to those of
the delay time in the reversal mode was much higher thaPLZT 8/65/35 higher electric fields were applied to the
that in the nonreversal mode. The measurements showed themples. The higher electric field was required to induce the
the delay time in the reversal mode was about 150 ns whilsantiferroelectric—ferroelectric phase transitfn.Further-
in the nonreversal mode it was 50 ns. It should be noted thahore, the electron emission current observed from the PLZT
recent studies of the PZT ceramics in the nonreversal mod#/95/5 possessed two peaks ascribed by Bosebkd®® to
by Krasik and Dunaevsk§°” allowed the observation of an the fast buildup of spontaneous polarizatigne first peak
extremely short delay time reaching 5 ns. and to the slower relaxation of spontaneous polarizdtioa

Another attempt to separately observe reversal and norsecond peak
reversal modes was undertaken for TGS crystals. Instead of An emission current density of the order of 100 mAfcm
short voltage pulses, the authors used a sinusioudal voltageas observed by Shannat al®® from the antiferroelectric
of 50 Hz frequency withv,,>100V for 0.6-mm-thick TGS PLZT 2/95/5 without an accelerating voltage by applying
crystals[Shur et al. (Ref. 82, Rosenmaret al. (Ref. 84].  bipolar voltage pulses to the rear electrode. In the “bright”
Such a low voltage could not cause electron emission due temission mode(ascribed to plasma-assisted emisgitime
a conventional dielectric polarization, and it was not ob-electron emission pulse width was as short as about 100 ns,
served, either at the temperatures above the Curie fioint while in the so-called “dark” modédascribed to polarization
the paraelectric phas@r under monopolar trigger voltage switching the pulse duration approached the microsecond
pulses (amplitude |V,|<2.5kV, pulse width 100ns7, time scale.
<100us) eliminating polarization reverséf:*3* These re-
sults will be considered in detail in the next section.

Summarizing the paragraph the following points should
be stressed.

(@) Typical electron emission current density observed  Gundelet al®* presented studies of strong electron emis-
from ceramic materials in the ferroelectric phase varied fromsjon from PLZT X/65/35 (X=9,10) ceramic compositions
several A/cr up to tens of A/lcr Usually, higher currents which relate to the relaxor phase. The currents measured
(up to 100 A/crd) were observed with an accelerating volt- from PLZT X/65/35 ceramics under monopolar voltage
age applied. pulses were of the order of several Afcrithe authors ob-

(b) The triggering voltage pulse in the polarization re- served that relaxor ceramics PLZT 9/65/35 and PLZT 10/
versal mode may be much lower in comparison with thegs/35 emitted a much higher electron charge compared to
nonreversal mode. that emitted by ferroelectric PLZT 8/65/3% Averty et al1®

() In the reversal mode the delay time is much longerand Benedelet al®® observed strong electron emission cur-
that that in the nonreversal mode, which may be severalents up to 10-20 Alcfwith a pulse duration of up to

3. Relaxor materials

nanoseconds. several hundreds of nanoseconds from relaxor PLZT 9.4/
65/35 ceramic composition by applying a bipolar sinusoidal
2. Antiferroelectric materials trigger voltage.

Gundel et al®8! also observed electron emission from
PLZT 2/95/5 ceramics belonging to the antiferroelectric
phase in experimental conditions identical to those for the . .
ferroelectric PLZT 8/65/35. Electron emission currents of the4' Paraelectric materials
order of several Alct (pulse duration up to several hun- A strong electron emission current up to tens of Afcm
dreds of nanosecondsvere induced by use of monopolar with a pulse duration up to hundreds of nanoseconds from
negative high voltage trigger pulsé¢several kV scaleap- the paraelectric PLZT 12/65/35 ceramic was observed by
plied to the rear solid electrode. However, in contrast toShuret al'®®*under applied electric fields of 10—25 kV/cm.
PLZT 8/65/35, high repetition rates of the electron emissiorElectron emission was induced by either monopolar or bipo-
current (up to 2 MH2 have been achieved by use of the lar voltage puls€$ applied to either a rear or froripat-
antiferroelectric PLZT 2/95/8! terned electrode’ An electron emission with a high repeti-

According to Benedeket al,®® the antiferroelectric tion rate(up to 100 kHz was demonstratelf.In contrast, the
PLZT 4/95/5 material was much less effective than the ferroexperimental results by Shuet al®*'3* and Rosenman
electric PLZT 8/65/35. In this case a monopolar positive trig-et al®* showed that the electron emission effect from TGS
ger voltage was applied to the rear electrode without an acerystals vanishes above the Curie poifit €49 °C) indicat-
celerating voltage or a negative trigger voltage was applieihg that low applied voltage$=100 V for 0.5- to 1-mm-
to the front electrode. Only at higher temperaturés thick TGS crystalsrequired for polarization reversal in TGS
>130°C the parameters of the electron emission from thevere insufficient to induce the emission in the paraelectric
PLZT 4/95/5 were improved to be comparable to those withphase, as was observed in the case of PLZT 12/6%/35is
PLZT 8/65/35% In a recent paper by Boscokt al,?® com-  issue will be discussed in detail in the next section.
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TABLE lII. Basic studies of strong electron emission from ferroelectric, antiferroelectric, relaxor, and para-
electric materials.

Emission
Selected current Pulse
Phase state Composition references density duration
Ferroelectric PLZT 7/65/35 81, 94 Several Afcm Hundreds of ns
PLZT 8/65/35 90, 96
PZT (LTZ-2) 9-11 Tens of Alcrh Hundreds of ns
PzT 14, 95 Severaks
133 Severajus
PZT 17, 85 Several Alctn Hundreds of ns
PZT, TGS 13 Tens of Alch Hundreds of ns
Ferroelectric PLZT 7/65/35 83 Tens of A/ém Severalus
PSZT 15 Hundreds of Tens of ns
Alcm?
Antiferroelectric PLZT 2/95/5 81, 86 Several A/ém Hundreds of ns
84 up to 1us
PLZT 4/95/5 90, 96 Tens of Alctn Hundreds of ns
Relaxor PLZT 9/65/35 94 Several A/ém Hundreds of ns
PLZT 10/65/35
PLZT 92 Tens of Alcr Hundreds of ns
9.4/65/35
Paraelectric PLZT 12/65/35 16, 91 Tens of Afem Hundreds of ns

5. Brief summary E. Nonplasma interpretations

Thus, strong electron emission was measured from ferro- Two quite different interpretations of strong electron
electric materials PZT and PLZ(7, 8/65/35 ceramics, TGS emission from ferroelectric materials have been proposed to
ferroelectric crystals, relaxor PLZ®, 10/65/35, paraelec- date. Historically, the first one is based on specific properties
tric PLZT 12/65/35 ,as well as ant,iferroelectr’ic PLAZ of ferroelectric materials such as polarization reversal and
4)/95/5 ceramics. It should be stressed that for the variety ofarous field-induced phase transitions, while the second one

. " ascribes electron emission to surface plasma formation fol-
ferroelectric compositions used, some parameters of the ele¢- .

. . ; owed by electron extraction from the plasma. In the next
tron emission observetturrent density, pulse width, efc.

are comparable. Keeping in mind the importance of the ma_paragraph, the first approach, referred to also as nonplasma

. - . interpretations, will be considered.
terial aspect we can definitely state that emission current P
densities observed from ferroelectric, antiferroelectric, rel-; rast polarization switching and fast field-induced
axor, and paraelectric phases are all of the same order @fhase transition
magnitude. Table Il summarizes the data of the materials . o .

. . The high electron emission current densities observed
studied, their phase states, and the parameters of measured . o

were ascribed to a fast nanosecond polarization reversal of

electron emission current densities. One can find that,_ r‘”?f'erroelectric domains, a fast change of a polarization state of
gardless of the phase state, the measured electron emiss

densi iod f . d ¢ AMemiah ferroelectric, or a fast field-induced phase transition from
current density varied from units to' 0z€ns o I9N€T  the antiferroelectric or the relaxor state, to the ferroelectric
currents were measured with  high

15 10y rﬁacceleratlngphase of specific ceramic compositigig:127:90:96.11.13.74
voltages: while lower currentgseveral Alcmand 1SS Thege interpretations, first proposed by Rosenfraly on a

than 1 A/C”%? were observed ;’g'gg modest ones and withouttast change of spontaneous polarization in order to minimize
an accelerating voltage at &ft* o the relaxation within the materiaf’ It is assumed that both
Experimental results on the electron emission fromMine field-induced phase transition and polarization reversal
ferroelectric thin films stand apart from the results reportedmay be realized on a nanosecond time scale, thereby induc-
for bulk materials. For this reason they are presented sepgg the electron emission on the same time scale. A negative
rately in Sec. lI1B5. We would like to note here that only a pylse applied to the rear electrode induces polarization
few studies dedicated to the subject have been published twitching or a phase transition and, as a result, a negative
date. The first publication is that of Auciellet al.” who  potential at the emitting surface repulsing the electrons is
observed electron emission from PZT thin filnssl um  achieved:?” Subsequently, a strong internal field in the sur-
thick. Comparative studies of electron emission from ferro-face layer, due to a rapid change of spontaneous polarization,
electric samples of different thicknefisom 6 um to 1 mm)  leads to a copious electron emission from ferroelectric ce-
were conducted by Avertgt al.®* Recently, Sviridowet al.”®  ramics into the vacuum. According to Gund&the electrons
also observed electron emission from sevenal thick PZT  were liberated from local donor levels created by La doping
films. in PLZT ceramics or from a valence band. The concentration
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of donor centers should be especially high near the surface Sampayaret al,!* Okuyamaet al,'* Averty et al,** and
layer of the prepoled ceramic sample from where the elecAsanoet al,’* also agree with this model of fast polarization
trons are liberated during ferroelectric domain switchthg:  switching.

Gundel et al®***8tinvestigated both PLZT 2/95/5 and
PLZT 8/65/35 ceramics. The former composition demon-
strates a phase sequence AFE-FE-(BHtiferroelectric—
ferroelectric—paraelectric when the temperature is in-
creased, while the latter shows a FE—PErroelectric— Ivers et al® from Cornell University explained their ex-
paraelectrit phase sequené®.For both compositions the perimental resglts by a theoretic_al_model_ which assumed the
authors assumed the coexistence of different phase transitiGiy/face screening charge to be injected into the vacuum gap

regions(AFE—FE and FE—PEand high donor-center con- of the electron diode as the polarization state of the ferro-
centration to be responsible for the electron emission pro(-alemrIC changesSchahter et al, Ref. 132. According to

L he authors, the local electric field on the ferroelectric surface
cess. The PLZT 2/95/5 composition is in the AFE phase aE ! o . )
position 1s | P gan be as large asx410’ V/cm, which is sufficient for field

room temperature. This state can be transformed to the FE . " . . .
P emission from either the ferroelectric or the metal grid

phase when the material is subjected to an external eIeCtr'glectrode"'l?’ZWhen a e . .
. a1 . positive voltage pulse is applied to the
field of several qoz.ens of kV/(?m. Gunde.t.al. proposed rear electrode of ferroelectric cathodékere is an increase
that electron emission from this composition occurs due Q. yhe electron charge in the vicinity of the grid electrode due
an ab.rup.t ret-urn Qf the matena! to the AFE phase When_th?o the field emission from the grid. The above-mentioned
electric field is switched off. This fast return of the material fig|q can cause a field emission current of the order of 20
to the nonpolar state was assumed to be responsible for thgcm2 (Ref. 9. Moreover, both the electric field and the
high repetition rates of the electron emission current thagmitted current can be enhanced close to the grid edges. The
were obtained from this ceramic compositftn. authors assumed that the free electron charge is redistributed
Twin ferroelectric domains were assumed to be responon the ferroelectric surface by a flow of electrons in the
sible for the fast polarization reversal in PLZT 8/65/3%e  vacuum from the griddetmeta) regions to the bare ceramic
Ref. 81). According to the authors, the fast reversal of oneones, rather than by a surface flashover.
half of the twin domains can explain a negligible time delay =~ Subsequently, electrons emitted from either the ferro-
between the HV pulse rise and the electron emission. Somelectric surface or the metal grid may form an electron cloud
of the reversed domains are fixed by the internal electric fiel¢lose to the cathode surface, thereby reducing the local
within the surface layer hindering the fast relaxation of thepotential> The model supposes that the current through the
material, as was assumed in the case of the PLZT 2/95/%liode consists of two parts: the flow into the cloud from the
This allows one only low repetition raté Hz) excitation for ~ ferroelectric and the flow through the remaining part of the

obtaining stable electron emission from the PLZT 2/95/5 cediode. According to the authors, the energy of the emitted
ramic compositior§: electrons(for a positive voltage pulse applied to the rear

Benedelet al % also used a model of fast polarization electrode are insufficient to account for the high currents

switching for PLZT /65/35 and a fast field-induced Te2suved. Figuever the theoretical model proposed by

AFE—FE phase transition for PLZT 4/95/5. The authors as>CH@hter et al.™ predicted electron emission currents and

sume that the excitation field directed from the rear surfacémea”_v_ charactenistics of the gap in good agreement with
. the experimental results. According to the model, the depen-
toward the patterned surface of the sample with no accele

. i . o . rdence of the current on the voltage is linear rather #&A
ating field applied causes electron emission due to pOIanza('ChiId—Langmuir lavy with the gap resistance,,, given
tion switching. The authors also assume that some electrorb%/lgz gap
acquire high energies due to the Auger proc8ss. ,

Benedek et al®® assumed that relaxor properties of ~Vav 19 2 (o DI
PLZT ceramics may be important in the strong electron Rgap:m‘ns_ex% (v0+ D/(yo=1), (21)
emission induced by these effects. The change of polariz
tion can be extremely fast in PLZT relaxdfsThe authors area, respectively, ang=2377(). The parametely, is ex-
assume that the small sizef the order of 10 ninferroelec- pres’sed as follovs?
tric domains should be responsible for the fast switching
(Benedeket al., Ref. 96.

In a recent paper Boscokt al°® improved the stability

of electron emission from PLZT 8/65/35 and PLZT 4/95/5 whereQg,, is the total amount of charge in the gap. On the

by use of the front electrode, due to a pattern of unconnectegsis of quantitative analysis, the authors concluded that the
patCheS contained within a ring. The authors assumed thﬁfesence of an electron cloud in the gap is direcﬂy respon-
the pattern of disconnected metal islands allows all surfacgible for the lineal —V characteristics observed experimen-
domains to switch back and forth. Therefore, according taally. This theory virtually explains the discrepancy with the
Boscoloet al,* the domains of the uncovered portion of the Child—Langmuir law for diodes with ferroelectric cathodes.
surface can attract and push the electrons away from the A fast change of the polarization state of the ferroelectric
surface. was also used by Jiareg alX° to interpret their experimental

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

"V/hereg and A are the vacuum gap and the diode surface

_ = =_ €Quf
yo—1+3—6Q, Q—EOAmcz, (22)

|89
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results. Recently, Sviridoet al.”® introduced the so-called sion current density as high as 400 AkcrBubsequently this
dielectric electron emission which, according to the author'shypothesis was extended to a qualitative theory based on
opinion, may occur without polarization reversal. This inter-physical estimations:>®

pretation is similar to the model of fast polarization change  On the basis of the experimental result, which shows

described previously. considerable electron emission from a ferroelectric above the
Curie point, Okuyamat al1* proposed an abrupt change of
3. Other interpretations dielectric flux as an alternative to polarization switching.

The model briefly described previoust§ is the only Pleyb.ere.t al®? assumed that e_zlegtron emission from ferr_o-
quantitative description of strong electron emission from fer-€1€Ctrics is tunnel electron emission at low current densities,
roelectrics available to date. Other modétsostly qualita- and it becomes plasma induced field emission at high emis-
tive) of strong electron emission were proposed by RosensSion currents. Shannaet al®® divided the electron emission
man and ReZ? Ilvanchik*® and Wanget al*% into two modes: the plasma-assisted bright mode and the

Assuming strong electron emission to be of a solid stats0-called dark mode induced by polarization reversal. Miy-
origin, one can expect a huge conductivity current flowingake et al.*” ascribed strong electron emission to both emis-
within the ferroelectri(dielectrid surface layer in order to Sion of screening electrons during polarization switching and
provide the copious electron current into the vacuum. Howlasma formation on the ceramic surface. A similar interpre-
ever, most of the ferroelectrics tested for emission propertietation of simultaneous ferroelectric and plasma emission was
are very good insulators with a typical electric conductivity Proposed by Zhang and Huebri@rDetailed studies of
within the range of (10%-1071%) O~ *cm. The explana- Plasma-assisted emission in both reverihur et al,****
tion was proposed by Rosenman and Bewho assumed Rosenman etal,’®) and nonreversal (Shur and
that at high electric fields the electric conductivity in the co-workersi®9%  Krasik etal,”*®” and Dunaevsky
surface layer may be enhanced due to the Poole—Frenket al.>*®) modes have been conducted. The next section
effect. According to the authors’ estimation, ten orders ofwill present features and basic physics of plasma-assisted
magnitude conductivity increase may occur in fields of theelectron emission from ferroelectric materials.
order of 10 V/cm. This drastic conductivity increasthat is
actually due to multiplication of charge carriers at high elec-
tric fields) may be responsible for the high conductivity cur- The first observation of the intense laser-induced elec-
rent within the surface layer, and it may lead to the hottron emission from PLZT 9/65/35up to 2 Alcnf, 20
electrons’ appearance followed by overbarrier electroC/cnf) was reported by Geissleet al'*’ The electron
emission’? emission was induced by 6-ns-long UV laser pul&g6 nm

Incomplete polarization reversal in ferroelectric materi-Wwavelength with an output power density on the sample of
als was assumed to be responsible for strong electron emi§<10° W/cn?. Electron emission from the ferroelectric
sion by Airapetovet al® The authors argued that in high started only with extraction voltages of several kV. The elec-
internal fields, caused by uncompensated charges during faen current pulse time coincided with the laser pulse time.
polarization reversal, the bounded uncompensated chardi#umination by green laser light\=532nm) did not cause
can be screened by intrinsic electrons and holes due to Zenemission, despite higher light intensity and extraction volt-
breakdown. Airapetoet al'® introduced two processes to be age.
responsible for strong electron emission from ferroelectrics.  The experimental setup was similar to that used for
According to the hypothesis, the first one is tunnelingstrong electron emission induced by high voltage pulses. A
through a low wedge-shaped energy barrier, which is formegjuartz window and a special Faraday cup design allowed the
due to a high external electric field and hugemparable to laser beam to illuminate the gridded ferroelectric surface
the band gap of a materjaband bending inside ferroelectric (gold stripes of 20Qum width separated by a bare surface of
materials. This emission process causes the appearance tbé same width A negative dc extraction potential up to 10
uncompensated positive bound charges on an emitting sukV was applied to the grid electrode. An opposite surface of
face that cease the emission when their electric field is equéihe sample was coated with a solid electrode.
to the external one. In the crystal bulk the field of the un-  The laser-induced emission observed from the PLZT
compensated charge is antiparallel to the initial polarizatior®/65/35 was interpreted as a photoeffectlike emis&iérit
(for a monodomain samplewhich leads to a formation of was assumed that either a spontaneous polarization change
crystalline seeds with opposite polarization direction anddue to a pyroelectric effect, for instanaa the liberation of
subsequent “second process” responsible for the effect. Thelectrons from donor level®r even from the valence band
crystalline seeds cannot grow through the crystal because ¢tirough the band gap of about 3.4 )eWas responsible for
the applied short electric field pulses. According to the authe electron emissiot®
thors, the second process occurs when the external field is Strong enhancement of the laser-induced electron emis-
switched off and the crystal returns to its initial state. It ission and intense laser induced self-emission of electrons
assumed that the seeds are pushed to the surface and cskre demonstrated subsequenffy***Both effects were in-
lapse, leading to the emission of electrons screening the paluced by previous high voltage pulsing of PLZT samples.
larization within the seeds. According to the experimentalThe energy of the self-emitted electrons was as high as 10
data presented by the authors, a second process of the cri®V. An extended study of these effects was conducted by
talline seeds collapse predominates, which leads to an emiSeissleret al*° using pulsed laser radiation of 266, 355,

F. Laser-induced electron emission from ferroelectrics
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and 532 nm wavelengtfenergy density of 13 mJ/cn5 ns  of the emitting ferroelectric surface should make the Auger
pulse width. PLZT 2/94.5/5.5 samples with an identical process very effective. Electrons exit the ferroelectric ce-

electrode configuration were employed. ramic due to a Coulomb repulsion as a result of polarization
According to Geissleet al1%° there are three different switching within the surface layéf®*! The laser-induced
models of the laser induced electron emission: electron emission under normal steady state operé&tiith-

(@ pure laser-induced emission with no high voltage puIS_out high voltage pulsingat short wavelengths was ascribed

ing of the samples use@nly an extraction potential is toa conventlgnal photgsmlssmn process as was initially pro-
applied: posed by Geisslegt al.

. A more detailed review of laser-induced electron emis-
(b) enhancement of the pure effect by subsequent high. . : )
L sion from ferroelectrics can be found in the paper by Riege
voltage and laser pulse application to the PLZT cath-et 4118
ode(a laser pulse is accompanied by an extraction volt- '

agl?; . fel din th diti gl. PLASMA-ASSISTED ELECTRON EMISSION FROM
(c) se -emission of electrons measured in the condition of-rppoE| ECTRIC MATERIALS
(b) without any extraction potentigllaser pulses are

applied after pulsing the cathode with high voltage The review of the experimental results presented in the
previous section showed that various ferroelectric materials

The effects(b) and (c) were assumed to occur due to related to quite different phase staiésrroelectric, antifer-
laser-induced macroscopic polarization change in the ferroroelectric, relaxor, paraelectjiclemonstrate strong electron
electric. Both effects were characterized by a threshold deemission currents. Application of high voltage stress to the
pendence of the emission efficiency on the energy density derroelectric cathodes may cause diverse field-induced ef-
the incident light and a high energy of emitted electronsfects, including spontaneous polarization inversion of the
Photoassisted domain switching was proposed as a possibieaterials in the ferroelectric state, field-enforced phase tran-
mechanism of the enhanced laser-induced emisdipand  sitions such as antiferroelectric—ferroelectric and relaxor—
self-emission(c) of electrons:*° ferroelectric. In these cases strong emission was observed. It

Both self-emission and enhanced laser-induced emissiowas also shown that high density electron emission is gener-
decayed as function of the number of laser pulses withouated also in the paraelectric phase PLZT 12/63f88which
further electrical pulsing of the cathod®:**Hence, the ef- is a linear dielectric with very high dielectric permittivity and
fect (a) was classified as a “normal steady state” emission inthe only field-induced effect occurring in this material is di-
the presence of a constant extraction field, while the effectslectric polarization.

(b) and (c) were referred to as a “transient mode,” after a Analysis of numerous experimental results revealed that
high voltage pulsing of the ferroelectric cathddé. the studied ferroelectric crystals and ceramics with various

Using ultrashort femtosecond laser pulses was found t@ompositions, in different phase states and excited in differ-
be favorable for ferroelectric photocathodésHence, the ent modes, demonstrated similar values of the electron emis-
laser-induced emission efficiency of the ferroelectric photosion currents. This allows the assumption of a common
cathodes surpassed that of metallic photocathodes by at leasechanism for all studied ferroelectric materials. In some
one order of magnitud¥! Geissleret al*! stated that ferro- research papers it was assuni@®eyberet al,*? Riege?’)
electric photocathodes can work properly in a gas or ahat a surface plasma may be formed at a ferroelectric cath-
plasma atmosphere, and they are superior to most of metallimde surface, and it contributes to the strong electron emis-
photocathodes in reliability and lifetime. Therefore, ferro-sion. In the article by Shannaet al® the emission was di-
electric photocathodes may be used in free-electron lasergided into two modes: a plasma-assisted “bright” mode and
electron accelerators, and high power linear collidétd@he  the so-called “dark” mode, induced by spontaneous polar-
first demonstration of a ferroelectric laser photocathode opization switching of a ferroelectric. A similar interpretation
erating in an acceleratorlike structure was presented by Gurthat considered simultaneous true ferroelectric emission and
del et al1#? plasma emission was recently proposed by Zhang and

Laser-induced electron emission from PLZT ceramicsHuebnef®® The authors claim that plasma-assisted electron
was recently studied by Benedek and Bosc8foTheir re-  emission follows the emission induced by polarization
sults confirmed those described previously. In addition, thewitching!** Dorfman et al1*® disagree with this assump-
authors observed electron emission induced by laser wavéion; and, on the basis of their experimental results, they
lengths as long as 1064 nm with a corresponding increase @frgue that the surface plasma appears in the first few nano-
laser pulse energies. In general, it was stated that the higheeconds and can only be the source of electrons for the
the energy of the incident photons, the higher the efficiencystrong emission. Benededt al*®® assume that a so-called
Furthermore, it was found that the ferroelectric materialferroelectric current pulse appears about 50 ns after the end
PLZT 8/65/35 is much more efficient than the antiferroelec-of the switching pulse, while plasma formation starts at the
tric PLZT 4/95/5. end of the rise of the driving pulse. This hypothesis also

Benedek and Boscol®’ proposed a new model based on contradicts that of Zhangt all** Flechtneret al®® inter-
the Auger process in a high density sheet of electrons thaireted their results assuming that in the fiest us the ferro-
screen the macroscopic spontaneous polarization near tledectric cathode controls the electron flow, while beyond this
front surface of the ferroelectric ceramic. According to thetime plasma effects dominate. Stetral # observed plasma-
authors, an electron density 0k 10°°cm ™2 in the vicinity ~ assisted electron emission of a ferroelectric origin existing in
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the ferroelectric phase only. In a later paféithe authors Eoe
found two different modes of excitation of the surface flash- E= (008l 0)+ 1" (23
over plasma, initiated by either weak electron emission under 0

polarization reversaltrue ferroelectric emissignor field where Eo, &, and & are the applied electric fieldE,

emission at triple points. _ _ _ =VI/4), dielectric constant, and dielectric thickness, respec-
In this section we will consider the plasma interpretationyj ey * 5. is the microgap between the dielectric and metal. If
of strong electron emission from ferroelectric cathodes. We508/5< 1, the electric field in the triple junction is approxi-

will review various methods of surface plasma initiation, in- mately increased by a factor ef According to Schacht&
cluding plasma ignition by classical field emission and by cyrrent emitted via field emission at triple junctions is
weak ferroelectric emission when the generated plasma is qfj5, proportional to the dielectric constant.

a ferroelectric origin. Bugaevet al}*®'*°conducted detailed investigations of

) o a surface flashover mechanism at a dielectric—vacuum inter-

A. Plasma-assisted electron emission from face. High voltage pulsesup to 40 kV for 2-mm-thick
ferroelectric cathodes in the nonreversal samples with a very short rise timé~1 n9 were used to
(nonswitching ) mode cause the flashover on forsterite and steatite<(7) ceram-

Direct evidence of a plasma-assisted character oics. The dominant role of the metal—dielectric contact in the
“strong” electron emission from the ferroelectric ceramics process of the flashover initiation was confirmed by Bugaev
PLZT 12/65/35 in the paraelectric phase was presented bgt al1*® Using fast frame photographing and visible light
Shuret al® The idea to use the PLZT 12/65/35 ceramic wasspectroscopy, Bugaest al!*! showed that intense electron
to completely eliminate spontaneous polarization reversal asmission starts almost simultaneously with the appearance of
a possible mechanism of electron emission generation. Aight emission at triple junctions on a BaTjQurface. This
ferroelectric material in the paraelectric phase does not posesult was obtained for any polarity of the applied trigger
sess spontaneous polarization. The experimental evidencegltage. However, it was shown that plasma channel velocity
presented by Shuet al,'® showed that despite the lack of along the ceramic surface depends on the polarity and am-
polarization reversal, as well as any field-induced phase trarplitude of the trigger voltage applied. The light emission ob-
sition, strong electron emission with typical current densitiesservation and spectroscopy ddtpectral lines of ceramic
of tens of Alcnf was observed. Plasma generation was obcomponents as well as electrode material were obsgaled
served by direct observation of surface flashover and byowed the authors to propose a concept of explosive electron
measurements of both electron and ion currents. Subsemission at triple junctiongBugaevet al;*** Mesyat$®?.
quently, detailed studies of parameters of the plasma gener- Metal—dielectric cathodes were successfully used as
ated on a PZT and a BaTi@eramic surface were presented electron sources for nanosecond high current accelerators.
by Krasik et al®” and by Dunaevskgt al®%7 High density pulsed electron emission currents of up to

Ferroelectrics are well-known dielectric materials. Somel0*—10* A/lcm? with a current pulse width up to 100 ns were
ferroelectric materials, such as various ferroelectric ceramicgbtained from barium titanate witk=1500 by applying
possess a high dielectric permittivity~10°—10*. High di-  high voltage trigger pulses with an amplitude of
electric permittivity of ferroelectric ceramic materials made 1—4 kV (typical sample thickness was 1—2 mtr°
them attractive for use as metal-dielectric cathodes that have A barium titanate cathode with a wire grid on the emit-
been known for more than 30 yedf§71%2 Operation of ting surface was recently analyzed by Puchkarev and
metal—dielectric cathodes is based on plasma formation thaflesyat$® on the basis of their previous studies referred to
results from a noncompleted surface dischdigeequivalent earlier. They noted that triple junctions formed at the grid—
terms dielectric surface flashoydollowed by the extraction dielectric contact played a fundamental role. It was also as-
of an electron beam from the surface plasma. It should bsumed that the flashover was initiated as a result of an ex-
stressed that the experimental setefectrode configuration plosive electron emission at the triple junctions. The
used in these early investigations was very similar to thealiscrepancy with the Child—Langmuir law was explained by
experimental setup used at the present time in studies ahe prefilling of a vacuum diode with the flashover
ferroelectric cathodetsee the previous sectipn plasmat®?1%4

The severe lowering of the breakdown voltage for At the present time there is no comprehensive and pre-
vacuum gaps with dielectric is known from the pioneeringcise theory describing the dielectric surface flashover. How-
work of Kofoid.24® The primary phenomenon is attributed to ever, there are some generally accepted points related to a
extremely high electric fields produced in the unavoidablequalitative scenario of the flashover process. According to
very small gaps at the metal-to-dielectric contact. The effecthe review of dielectric surface flashover phenomenon by
is especially pronounced for ceramics with high dielectricMiller,®® the surface flashover of insulators in a vacuum is
permittivity such as barium titanaté® It was proposed that initiated by the emission of electrons from the cathode triple
surface flashover starts at a negative metal—dielectric jungunction. These electrons then usually multigavalanching
tion, due to the initial release of electrons by the field emisprocess as they traverse the insulator surface due to the tan-
sion process?® gential electric field component, either as a surface second-

In a triple junction region where metal, vacuum, andary electron emission avalanche, or as an electron cascade in
dielectric meet the electric field can be roughly estimated as thin surface layer, causing desorption of gas which had
follows: been absorbed at the insulator surface. This desorbed gas is
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gation velocity along the dielectric surface, and tangential, and normal com-
ponent of the electric field. de

source

then ionized, which leads to the surface flashover of thé&!G. 19. A schematic drawing of the experimental setup used for surface
insulator*™ In other words, the final stage of the surfacePaSma diagnostics.
flashover is thought to occur in desorbed surface gas and/or

in vaporized insulator materid?®>*°¢ Another possible flash- . . " .
P P very low dielectric permittivity €,~3) were studied. The

over mechanism has been proposed by LeGressak™>’1°® o ) . .
samples were placed inside a cylindrical aluminum box with

and Blaise™® The surface flashover was ascribed to a relax-

ation of the crystal lattice initiated by a charge detrappingan output window covered by a_stamles_s §teel grid. The _cath-
process. odes were operated by applying a driving pulse of either

A possible scenario of the surface plasma formation irPosmve or negative polarity to the front or to the rear elec-

the typical ferroelectric cathode geometry is shown scheErOde of the ferroelectric sample. The driving pulBé

matically in Fig. 18 and the qualitative mechanism of the — 2~ 10KV, 7,=500ns-5Qus) was produced by a pulse
strong electron emissidh % will be briefly discussed in 9enerator. All experiments were carried out at a repetition

— i 75
the following in terms of the dielectric surface _rate of(0.5-2 Hzin avacuum of X10°*Torr. The plasma
flashovert8%154f 4 positive voltage pulse is applied to the ion and electron saturation currents were measured simulta-

rear contact of the sample and the grid electrode is grounder&EOUSIy by an array of biased CFCs in one shot. The electron

(Fig. 18, the metal grid—dielectric contact represents a cath{emperature of the plasma and the plasma electron density

ode triple junction; i.e., a region where a metahthods, were e'_st_imated by use of single and double floating probes.
insulator, and vacuum meBE1% The field is enhanced in | 1'¢ driving voltage and current through the sample were
unavoidable small gapsee Fig. 18at triple junctions by a mgasured by a HV dividetvD1) and Pearson Rogovsky
factor ¢, (relative permittivity of a dielectric'*® Field elec- coils (RC1 and RCE The parameters of the neutral flow

tron emission at the triple junctions occurs as a result of the/ere studied by fast Penm_ng probes and the I'.ght emission
above-mentioned field enhancement of the normal electri f the plasma was studied by a fast framing camera
field componentE, . Field electron emission at the triple Quik0SA with frames=4 ns.

junctions is a priming electron emission required for further

surface flashover development. Emitted electrons then mul-

tiply as an avalanche traversing the dielectric surface, due to}—4==31s T =0ns

a tangential electric field compondat (see Fig. 18 Several f 1 '
models of this flashover development process are available }

to data(Anderson and Brainartf® Pillai and Hackant®?
Avdienko and MaleV®1%4eGressust al,**"1*® Bomma-
kanti and Sudarsha®y). It should be stressed that both prim-
ing electron emission and the tangential electric fig|care
prerequisites required for the surface flashover initiation.

A detailed investigation of ferroelectric cathodes in the
nonreversal mode was conducted recently by Krasik
et al®”'%® and Dunaevskget al®® The experimental setup is

; ; : : : : FIG. 20. Typical framegframe durationr= 10 ng of visible light emitted
shown in Fig. 19. A PZT, BaTi@and a linear dielectric from the surface of the PCB material formed by a surface plasma with a

printed circuit boarc{_according tO_ the prOdU(fer Walte_r Lem- gitterent delayr, from the start of the trigger pulsérigger pulse, 10 kV
men Ltd. made of fiber glass reinforced with eppxyith a  with duration of 100 ns applied to the rear electrode of the sample

ts=40ns General view
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Typical frames of the visible light emitted by the surface (plasma which propagates outward from the ceramic sur-
plasma formed at the surface of the PCB are presented iface. Time-of-flight measurements show that this plasma
Fig. 20. One can see that the individual surface dischargeffow consists of two components: fast and slow. The fast one
start within the first 5 ns from the start of the high-voltage has a velocity of up to (1—2) 10’ cm/s, while the slow one
pulse at the edges of the strips. Furthermore, these dischargeas a velocity of about 0:%610° cm/s. The electron plasma
propagate toward each other with a velocity density of the fast and slow plasma flows was estimated as
~10" cm/s. Already after 35—40 ns from the start of the HV <10' and<10*2cm 3, respectively, at a distance ef2 cm
driving pulse, the plasma covers the space between the strifiom the front electrode of the sample. The electron plasma
leaving a narrow(< 1 mm) width space in the middle. The temperature of the slow plasma flow was estimated to be
decay of the light starts at 50 ns andtat80 ns no visible about 3 eV. Taking into account the measured divergence of
light is observed. The temporal evolution of an individual the plasma flow, one can estimate the plasma density in the
discharge shows that it has a conic spatial structure with theicinity of the front electrode(1- to 10.um thick plasma
apex at the edge of the strip. Experiments with PZT andayen as<(10"-10") cm™3.

BaTiO; samples showed the plasma formation to be also Papers dedicated to the subject showed that a surface
almost simultaneous with the beginning of the trigger pulsdlashover plasma can be initiated by either field electron
(a few kV). emission(Puchkarev and Mesyat8? Shuret al,'®%) due to

An interesting feature of the observed noncomplete surelectric field enhancement at triple junctiofisonreversal
face discharge is that the plasma streamers, which are formé@ods, or ferroelectric electron emissidREE) induced by a
at the edges of opposite strips, do not cross each other, leaoncompensated charge arising on a polar ferroelectric sur-
ing a small narrow gap. This is a typical feature of a non-face(reversal modeduring polarization reversaRosenman
complete discharge when the discharge current is closed & al.>* Shur and Rosenm&h®™. A high current density
the displacement current through the sample and the plasnfdectron beam can be extracted from the surface plasma
has the same potential as the grounded electrode. Since tfgmed at a free ferroelectric surface by either of the above-
leading front of the surface discharge consists of electrofnentioned processeéPuchkarev and Mesyats, Advani

flow (avalanching processit will stop at a certain distance €t al,*** Shuret al,®* Shur and Rosenmé&h.
due to the Coulomb repulsive force. Almost all studies published during the last few years

On placing the printed circuit board dielectric in a Somehow involve plasma generation on a ferroelectric sur-

vacuum at the same voltage amplitude, only a few sporadiface (Riege;*’ Pleyberet al.®% Shuret al,*****2%Rosen-

cally appearing discharges were observed. Increasing tH®anet al.** Shannoret al,*® Benedeket al,***° Flechtner

voltage amplitude to 20 kV led to an increase in the numbeft al.> Zhang and Huebn&. As a matter of fact, surface

of discharges, but still the uniformity and reproducibility of plasma can serve as an almost unlimited source of electrons

the discharges were poor. A further increase of the HV amfor a strong electron beam current.

plitude caused a breakdown of the circuit board. The surface plasma can be initiated by the field enhance-
The plasma formation should be accompanied by demMent in'triple jpnctions a}ccording to t.he above-described

sorption of surface atoms and molecules. It was found that aftechanism. This mechanism does not involve any ferroelec-

increase of the amplitude of the driving pulse from 4 to 6 kv tric properties of mate_rlals except a high dlelectrl_c (_:onstant

led to an almost three times increase of the Penning signa®f PLZT (PZT) ceramics used. The electron emission, ac-

The pressure in the regions where the probes were lo¢ated cording to this scenario, was referred to as a nonreversal
and 3 cm from the front surface of the PZT sampie mode of plasma-assisted electron emission from ferroelec-

creased slightlyfrom 1 to 2x 10”5 Torr). The neutral den- tric. Nevertheless, another plasma initiation mechanism, in-

sity according to the geometrical factor and measured velocolving spontaneous polarization reversal and existing in the

ity of the neutral flow &1x10°cm/s) is aboutn, ferroelectric phase only, ha}s't.)ee.n revealed receér.m;ersal
~10%cm23in the vicinity (within a 0.1-mm-thick layerof mode. This new plasma initiation mechanism in the so-

the front electrode. Thus, the Penning probe measurementélled reversal mode will be discussed in the next paragraph.

showed that application of the driving pulse to the ferroelec-
tric sample leads to neutral flow formation, which may spoil
the vacuum in the system.

The measurement of the parameters of the plasma whi
was produced on the surface of the Baj#dd PZT samples In the previous paragraph experimental evidence of the
showed that the amplitude and duration of the ion and elecplasma-assisted character of strong electron emission in the
tron plasma saturation currents depend strongly on the ammonreversal mode from the ferroelectric ceramic PLZT 12/
plitude and polarity of the driving pulse, as well as on the65/35 related to the paraelectric phase and linear dielectric
method of its application and the polarization state of theprinted circuit board was demonstrated. It was clearly proved
samples used. Detailed data are presented in the paper that a surface flashover plasma can be the source of electrons
Dunaevskyet al® Here only the main results will be pre- for strong electron emission. However, it is still unclear how
sented. basic ferroelectric properties of materials may be involved in

Electron and ion flows were observed for all testedstrong electron emission. So far it is necessary to find a suit-
samples. Moreover, ion and electron flows appeared almostble experimental situation and to choose a suitable ferro-
simultaneously, indicating a charge compensated flowelectric material which allows the separation of reversal and

B. Electron emission from a surface plasma of
rroelectric origin
o g
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FIG. 21. A schematic diagram of the experimental setup showing a gridki, 22. A schematic diagram of the experimental setup with a collimated
anode and solid collectdf‘anode-collector” setup. Faraday cugCFQ).

nonreversal modes; in other words, induce strong electroewitching voltage of opposite polarity to the rear contact. In
emission by spontaneous polarization inversion. the case of the ac switching voltage each period of the sinu-
Here, the role of polarization switching in surface soidal wave caused a forward and a subsequent backward
plasma formation and subsequent electron emission will bpolarization switching.
considered by the use of “model”(“classic”’) TGS A stainless steel grid52 um wire diameter, 46Qum
crystal§? which are among the most investigated period was used as an anode placed at a distance of 3 mm
ferroelectrics-%21%The ferroelectric TGS crystdbpontane- from the sample. The anode was grounded through a current
ous polarizatiorP4=2.8uC/cn?) is easily switched in elec- viewing resistoR,, (1002 —10k?2). A solid copper collector
tric fields of several hundreds of V/cm, facilitating studying electrode was placed 2 mm behind the grid anode. The col-
basic physical principles of the phenomenon. Furthermore, ilector was biased by a positive dc voltadg (Fig. 21) varied
can be easily heated up to the paraelectric phase due to tléthin the range(0—2 kV by using a bypass capacit@.1
low Curie temperaturd =49 °C of this crystal. uF). The collector current: was measured by using the
For studying emission properties of the TGS samplescurrent viewing resistoiR., (102—100K2). Both anode
the following procedure was carried out. One polar surfacél,) and collector [¢) current wave forms were measured
of the sample was coated with a silver paint to form a reaby a digital storage oscilloscope.
contact. A copper fine grid4d um wire diameter, 16um Another experimental setup used for charged particles
period was pressed onto another polar surface of the crystaldiagnostics is shown in Fig. 22 where a collimated Faraday
to form a grid electrode. The TGS samples were mounted onup (CFC) replaces the anode and collector electrdf&3ne
a copper holder with an internal heater by gluing the rearcan see from Fig. 22 that it is actually a single probe system.
contact of the samples to the holdgfig. 21) with silver  From a current—voltage characteristic—{/) of the single
paint. probe some plasma parameters can be estint&téef The
The experimental setup using grid anode and solid coleircuit for measuring the switching currentlgf), the
lector electrodes for measuring charged particle fluxes iswitched charge@s,), and the ferroelectric hysteresis loop
shown in Fig. 21. This setup is similar to the double probe(Fig. 22 was the same as that described previously for the
system'5”188 which results in avoiding a large difference “anode-collector” setugFig. 21). The CFC was biased by a
between electron and ion currents. By using this setup, dc voltage ¥}) in the range from—1 to 1 kV. The CFC
plasma separation into electrons and ighsny) should be current (cg0) was measured by using the same measuring
observed. Either a rectangular switching voltage pMgg  circuit as that for the collector currenty in the “anode-
(amplitude and pulse width were 106W/,<900V and collector” setup. The distance between the CFC and the
150us< 7p,5e=500us, respectively or a sinusoidal(ac sample surfacéFig. 22 was about 4 mm. All experiments
voltage(100 V=V,=<1000V, 20 H=f<1000 H2 was ap- were implemented in a vacuum of 10Torr. The tempera-
plied to the rear contact of the TGS sampl€fy. 21). The ture of the samples varied within the range(20—100 °C.
grid was grounded through a current viewing resistor  Various analytic tools were used to determine whether a
R., (10—-1000Q), in order to measure the switching current plasma is formed at the surface of the TGS samples. Particu-
by the Merz method® 1% The switched chargeQ,,) was larly, optical microscopy, scanning electron microscopy
measured by an integratingC circuit (charging time con- (SEM), and x-ray photoelectron spectrosco¥PS tech-
stant 10 mswhich replacedR,, . In the case of an ac switch- niques were used for a surface analysis of the TGS samples
ing voltage, a hysteresis loop was continuously monitored byfter periodic polarization reversl.
the Sawyer—Tower methdd® Recorded ion and electron currefi&g. 23 as well as a
Spontaneous polarization was reversed by applying aurface analysi¢Fig. 24; Rosenmaet al)®* showed that a
switching voltage to the rear contact. Subsequently, the iniplasma appears on the TGS ferroelectric surface despite the
tial polarization direction may be restored by applying alow external voltage applie@=100 V).
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Brainard'®® Avdienko and MaleV®® Bugaev and

Figure 25 shows that the electron emission, which can b&lesyats:’° Bugaevet al.’* Brainard and Jensér?) fails to
interpreted as a plasma-assisted effect, is observed in thexplain the vanishing of the effect in the paraelectric phase,
ferroelectric phase only. The phenomenon disappears aboas well as of the drastic decrease of plasma initiation volt-
the Curie point(Fig. 25); that is, after the phase transition ages despite the low dielectric constant of the TGS samples
ferroelectric—paraelectric. We believe that the observedergs<ep 7). The above-mentioned considerations imply
plasma is created due to spontaneous polarization switchirntpat a new mechanism of surface plasma initiation on a free
occurring in the ferroelectrit? 84 ferroelectric surface should be formulated.

Figures 23 and 24, and other experimental data pre- The following qualitative mechanism was proposed
sented in the papers by Shetral® and Rosenmaet al.8*  (Shuret al)®283for surface plasma initiation in the reversal
show that the external voltage required to cause polarizatiopolarization switching mode. It is based on understanding
reversal in the TGS sample and plasma formation on its fre¢éhat primary electrons and the high tangential electric field
polar surface Y4,=100V) is one order of magnitude lower accelerating them along a dielectric surface are required for
than that required to form the plasma on PLZT 12/65/35surface plasma generation. A schematic sketch of the pro-
which possesses a high dielectric constant ceramic surface
without the polarization revers#l.This voltage is also one

order of magnitude lower than those used to cause strong Copper Grid Wire
electron emission from ferroelectrics in basic experimental
studies (Gundel et al.®! Ivers et al,’ Jiang et al,'® Sam- E [

payan et al,'* Shannonetal)® The surface flashover n

mechanism described previougMiller, *>'*6Anderson and

Ferroe%ic E_‘_}v@ @@__I_‘: t

\ - W -

| |P| | P

Rear Contact
Switching Voltage

FIG. 24. An optical image of a TGS polar surface after periodic switching FIG. 26. A simplified schematic drawing of the surface plasma formation
by a sinusoidal ac voltage for 30 miig,=255V, f=100 Hz. The image mechanismPg, E,, andE, denote the spontaneous polarization, tangential
is obtained by a reflected light microscope. electric field component, and normal electric field component, respectively.

Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



6142 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Appl. Phys. Rev.: Rosenman et al.

posed mechanism is shown in Fig. 26. Polarization switching
starts under the grid wires and an electron emission current,
screening uncompensated polarization charge, be@iits
26). This is the weak electron emission which should be
FEE3"It acts as a priming electron emission current which |
is required to initiate the surface flashover. Subsequently, the
inhomogeneous distribution of noncompensated surface
charges may cause a high local potential gradient along the
surface (tangential electric field This tangential field be-
tween switched and nonswitched, yet adjacent regions, leads
to electron avalanching followed by plasma covering the
crystal surface. Fast propagating plad(tie plasma velocity : : : :
10° cm/s coats the free polar surface between the strips of ’ i : X
the electrodes in a very S.hort time. From thIS. mqment .th IG. 27. Traces of the electron emission curr@n® A/div, lower tracgand
plasma serves as a dynamic electrode for polarization SW'tChﬁe applied voltage500 V/div, upper tracein the reversal modéPLZT
ing in this region. 7/65/35. The CFC bias voltage and the emitting area ¥ge=100V and
One can conclude that the initial electrons for the initia-Ae~0.1 cnt, respectively.
tion flashover process, as well as the tangential electric field
component required for electron avalanching, are of a ferro- .
electric origin. An avalanche may be triggered by an emiso" @ TGS surfazce in the nonreversal mpde by the conven-
sion current as low as-1 nA2 The FEE current density tional scenari&’ _because of the low dielectric constant.
from TGS crystals was found to be of the order of Hovyever, a Qrastlc_ decreas_e of the flashovgr voltage can be
10"7 Alcm2. "2 One can conclude that it is sufficient for the 2Chi€Ved by involving polarization reversal in surface flash-
surface flashover initiation. over initiation according to the above-proposed mechanism.

Optical microscopy(Fig. 25, as well as SEM and XPS
analysis indicate that grid evaporation or sputtering occurs iff- Reversal and nonreversal modes of plasma
the vicinity of the crystal surface. We believe that this pro-aSS'Sted electron emission from ferroelectric ceramics
cess takes place due to high local current densities from/to  Electron emission properties of PLZT 7/65/35 ceramics
the grid electrode when the surface plasma is generated. should be of interest for a comparative study of electron
A good question to ask is: can the electron current fromemission when spontaneous polarization is revefsagrsal
the TGS cathode be increased up to current densities of sesiode and without polarization reversalnonreversal
eral dozens of Alcias was observed from PLZT 12/65/35 mode.2 As was described previously, TGS crystals repre-
without polarization switching? In order to verify this point, sent a good ferroelectric material for experimental modeling
some additional experiments were conducted. We examineof strong electron emission from ferroelectrics. However, it
the emission from a TGS cathode with either a ring or a grichas been shown that the strong electron emission cannot be
front electrode. Either positive or negative trigger voltageobserved in the nonreversal mode from a TGS crystal, due to
pulses with an amplitude diV,|<2.5kV and pulse width the rather low dielectric constant of this crystal. This restric-
within the range 100 s 7,<100us were applied to the rear tion should be avoided in the case of PLZT 7/65/35 ferro-
contact of the TGS cathodes. All trigger voltage pulses apelectric ceramics. On the one hand, this composition pos-
plied were monopolar in order to eliminate polarization re-sesses a high dielectric constant comparable to that of the
versal. The experimental setup shown in Fig. 21 was used fdPLZT 12/65/35 ceramic compositidR.On the other hand,
the experiments, and all results were verified by using thehe PLZT 7/65/35 composition is a ferroelectric one possess-
CFC setup of Fig. 22. All experimental conditions were theing a high spontaneous polarization of several dozens of
same as previously described. It should be stressed that ngiC/cn?.®® Hence, strong electron emission can be studied by
ther electron emission nor plasma formation was observed ithe comparison of the reversal and nonreversal modes real-
these experiments. ized by using the same PLZT 7/65/35 ferroelectric ceramics.
The lack of electron emission in the above-describedrhus, this study should summarize all plasma-assisted pro-
conditions indicates that in the given range of applied volt-cesses which can be involved in strong electron emission
ages (V,]=<2.5kV), a surface plasma followed by electron from ferroelectric cathodes based on PLZT ceramics. One
emission can be induced by polarization reversal only. TGSnore interesting effect to be considered is a partial polariza-
has a much lower dielectric constant~50) compared to tion switching followed by backswitching of ferroelectric do-
that of PLZT 12/65/35 ceramicet=3400). According to mains. This was proposed early as a possible explanation of
Suzukil™ for an electrode spacing of 1 mftypical dimen- electron emission from ferroelectric cerami¢s® and will
sion in our experimental conditionsa dielectric surface be included.

flashover voltage of Ti@(e~60) in a vacuum was about In the reversal mode, the polarization switching current
12-14 kV, while the flashover voltage of BaTj@eramic (lg,) and the electron emission curreht) are generated by
(e~6000) was only 2—3 kV. the first (reversing applied voltage pulse only. Consequent

Thus, in contrast to PLZT 12/65/35 ceramics, a voltagepulses of the same polarity and amplitude cause neither a
of several kV is insufficient for initiating a flashover plasma polarization switching current nor an emission current.
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FIG. 28. Traces of the ion emission curréatmA/div, lower trace and the
applied voltagg500 V/div, upper tracein the reversal modéPLZT 7/65/
35). The CFC bias voltage and the emitting area ¥e=—1000V and
A.~0.1cnt, respectively.

...................

FIG. 30. Traces of the electron emission curr@n? A/div, lower tracg and
] ) ~_the applied voltagé¢500 V/div, upper tracein the nonreversal mod@LZT
Sometimes the second shot induced a much weaker emissi@s/35. The CFC bias voltage W= 100 V. The applied voltage ampli-

current compared to the first one. In this mode the electrotude is|V,J=1550V, the pulse width is,;~300 ns.
emission can be induced only by rather wide applied voltage
pulses ¢>300ns) which are higher than the threshold volt-
ageVy,=500V.8

The polarization switching current and switched chargeof the ion signal with reference to the starting point of the
were measured simultaneously with the electfion) emis- ~ switching voltage pulse wag~ (460+20) ns. The ion cur-
sion current. The peak value of the polarization switching'ent pulse width was, ~(2.3=0.7) us (Fig. 28. A typical
current density for an applied voltage ;= — 750 V was trace of the ion (/le— 1000V) emission current in the re-
about j,~(14+2) Alcn?, and the measured switched vVersal mode for applied voltage parameters the same as men-
charge was abou®g,~ (15+ 3) uClcn?. tioned previously(V,,=—750V, pulse widthr,,=100us)

A typical trace of the electroithe CFC bias voltage IS shown in Fig. 29.
Vg=100V) emission current in the reversal mode for an  The ion current peak value is plotted versus the CFC
applied voltageV,,= — 750V (pulse width7,,=100us) is ~ bias voltage for two different switching voltage¥ ;=
shown in Fig. 27. For the given applied voltage, a peak value~ 600V andV,;= —750V) in Fig. 29. One can see that both
of the electron current density wag~(7+2) Alcn?, while  Plots tend to saturate ¢g[>100V. The saturation ion cur-
the electron current pulse width was~ (0.8+0.2) us (Fig. ~ rent density (peak valug was j,~1.48mAicnf at Vg,
27). A rather low negative(retarding bias voltage (40V ~=—600V, andj, ~4.09 mA/cnf at Vg =—750 V.
<Vg<70V) was required in order to cancel the electron  The result obtained in the nonreversal mode is shown in
current (,=0). For higher negative CFC bias voltaga&] Fig. 30, which demonstrates typical oscilloscope traces of

the ion current ;) was observedFig. 28. The delay time the applied voltage and the electron emission current. A con-
siderable increase of the applied voltage amplitufé,{
=1500V) was required in order to obtain electron emission

6 in the nonreversal mode. Emission current was observed in
each shot regardless of polarization reversal. The switching
51 current transient in the nonreversal mode represented a

charging current of the capacit¢capacitance of the PLZT
7/65/35 sample The peak value of the electron current den-
sity wasl .~ (8+3) Alcn?, while the electron current pulse
width was 7.~ (0.8+0.2) us. It can be seen that the param-
eters of the electron/ion emission obtained in the nonreversal
mode were close to those of the reversal mode regardless of
severe differences in applied voltages and delay times.

The experimental results show that a threshold voltage
required for electron emission is three times higher in the
1000 800 o0 w00 PASN o ?onreversa)l mode\{,~ 1500 hV) than in thelrevecrjsal ||”node

. V,~500V). Moreover, in the nonreversal mode electron
CFC Bias Voltage Vs V) emission can be induced by short duration voltage pulses
FIG. 29. The ion current densify, (peak valugin the reversal mode vs the (Tap< 300ns) as well as by Wlde,r qnes. In contrasF, in the
CFC bias voltage/, for two different negative applied voltagdf, (PLZT reversal m_ode the electron emission current vanishes for
7/65/35. short duration voltage pulses,<300ns).

Ion Current Density j, (mA/cmZ)
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FIG. 32. Traces of the electron emission curréh® A/div, bottom trace
and the applied voltagés00 V/div, top tracg in the reversal modéPLZT
7165/35. The CFC bias voltage i¥g=100 V. The applied voltage ampli-
tude is|V,J~750V, the pulse width is,~1 us. The CFC bias voltage is
Vg=100V. The emitting area i8.~0.08 cnt.

l-l-a-v—ix.p-;-l- FREN “m-|-«-tvu-l-!-'!-m-|-|-:-m-|-|~]'l«| '-r.»mv
. _______ i I ‘ ‘3_5__“_’, ..... The appearance of the second electron emission current
‘0.5A ] i : 1 : ; pulse induced by a single applied voltage pusigis. 31 and
L S el SeieTtot B S 32) leads to a severe increase of a total emitted charge. Fig-
: }_ ure 33 demonstrates that the total emitted charge increases
- it S 3 SR A S T significantly (about 7 timepwithin the pulse width interval
. . - . of 0.6us<7<2 us. The emissior(emitted chargein the

FIG. 31. Traces of the applied voltageace A, the electron emission reversal mode vanishes for applied voltages with a pulse
current(trace B, and the switching curreritrace Q in the reversal mode ~ Width of 7<300 ns(Fig. 33. As was mentioned at the be-
(PLZT 7/65/35. The applied voltage amplitude j¥/,J~=750V, the pulse  ginning of this section, in the nonreversal mode electron
yvidth is 7ay~2 pus. The CFC bias voltage =100 V. The emitting area  emission can be obtained by such short pulses300 ns)

's A~0.08 cr by using much higher applied voltages.

A physical interpretation of the effects observed may be
given on the basis of the ion current component measured in
each experiment by biasing the CFC with a negative bias

Special measurements of the delay time of the electrogoltage. The ion current recorded in both reversal and non-
emission current, with respect to the applied voltage, wergeversal modes is direct evidence of a surface plasma forma-
carried out with an oscilloscope time scale of 50 ns. Theytion. We believe, however, that regardless of the common
showed that in the reversal mode the delay time was (15@lasma-assisted character of the emission, the surface plasma
*10) ns. In contrast, in the nonreversal mode the delay timeénay be initiated by two quite different mechanisms.
was as short as (505) ns.

Figure 31 shows typical traces of the applied voltage
(trace A, the electron emission curreltrace B, and the
polarization switching curreritrace G in the reversal mode
when the applied voltage pulse is as narrowrgs=2 us
(Vap=—750V). Two electron emission pulsegig. 31,
trace B were observed if the applied voltage pulse width
was approximately within the range ofids<r<2 us. The
backswitching current at the falling edge of the applied volt-
age pulse is opposite in sign to that of the forward polariza-
tion switching currentFig. 31, trace @ The second electron
emission current pulséFig. 31, trace B coincided with the
backswitching current transie(fig. 31, trace Con the time
scale. When the applied voltage was within the approximate
range of l.Juss7<1.6us, the amplitude of the second o ) 10 100
electron emission pulse became much higher than that of the . .
first one, which remained the same as that shown in Fig. 31 Applied Voltage Pulse Width 7, (pis)

(trace B. For a pulse widthr=1 us of the applied voltage _ _ _
FIG. 33. Total emitted electron charg®:- vs applied voltage pulse width

two emission pulses merged, and a single electron emISSIO-rr;p in the reversal modéPLZT 7/65/35. The applied voltage amplitude is

current pulse with rather high amplitude and pulse width wasy, |~ 750v, the GFC bias voltage k=100 V, and the emitting area s
observed, as depicted in Fig. 32. A~0.08 cnt.

1000

100

Emitted Electron Charge Q,, (nC)
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The first one does not require polarization reversal andncrease of the total emitted electron chatgey. 31 in the
may also be observed in the paraelectric phase. This is coackswitching region (0.Gs< 7,;<2 us).
firmed by the experimental results showing that in the non-  Figure 33 demonstrates that electron emission in the re-
reversal mode, electron emission is observed during eackersal mode vanishes if the applied voltage pulse is narrow
applied voltage pulse of the same polarity regardless of pof7<<300ns). The abrupt decrease of the emitted electron
larization reversal. The observed delay of 50 ns is a typicatharge for the narrow applied voltage pul$Egy. 33 should
plasma formation delay for the given experimentalindicate a lack of plasma during both forward polarization
conditions!® The surface plasma and consequent electromeversal and backswitching of ferroelectric domains. This as-
emission may be induced by narrow,g< 300 ns) pulses of sumption is based on the experimental result showing that
rather high voltagewap[BlSOO V). These applied voltage neither forward polarization reversal current nor backswitch-
parameters and electron emission cur@ig. 30 character- ing current was observed for the narrow applied voltage
istics (peak current density and pulse wigltare typical for  pulses. One can assume that the short time of reversing field
PLZT ceramics, including the particular PLZT 12/65/35 application allows only a few spikelike ferroelectric domains
composition (Sec. |E2. The high dielectric constant of (if any) to grow through the crystal. The electric field of
PLZT ceramics(e~1600 for the PLZT 7/65/35 ceramic noncompensated charges, generated by this process at the
studied causes a considerable field enhancement at tripléee ferroelectric surface, is insufficient for the priming elec-
junctions**"1*2Therefore, we believe that in the nonreversaltron emission from the ferroelectric or metal electrode initi-
mode the plasma formation followed by electron/ion emis-ating the surface plasma.
sion should be ascribed to the above-described mechanism. The conclusions of the present section can be summa-
Surface flashover can also be induced in the reversaized as follows
mode by an alternative mechanism due to spontaneous po- (1) Strong electron emission from ferroelectric PLZT
larization reversa?®2 This assumption is based on the ex- 7/65/35 ceramics is a plasma-assisted effect. The surface
perimental results for ferroelectric TGS crystals demonstratflashover plasma may be initiated by either field electron
ing that polarization reversal is required in this mode in ordermission at triple junctiongnonreversal modeor ferroelec-
to obtain both electron and ion emission currents. tric electron emission induced by a noncompensated charge
Comparing reversible polarization of PLZT 7/65/35 arising on the polar ferroelectric surface during polarization
(2Pr~63.4uClcn? with metal contactsto the measured reversal(reversal mode
switched charge@,~15.3uC/cn?), one can see that the (2) In the reversal mode a surface plasma may be gen-
polarization switching is partial. To this end, it should be erated due to both forward polarization reversal and backs-
noted that an insufficient compensating current decreases thdtching of ferroelectric domains. This leads to a drastic in-
switchable spontaneous polarizatidnin line with this, two  crease of the emitted electron charge compared to that
remarks about the compensation process with a dynamicaused only by polarization reversal.
plasma electrode should be given. First, a surface plasmais a (3) The difference in activation parameters of ferroelec-
finite source of compensating chardése density of charged tric cathodes is as follows. In the nonreversal mode the trig-
particles is incomparable to that of medalSecond, plasma ger voltage is unipolar whilst the reversal mode is realized
initiation is followed by its expansion into the vacuum, andonly by bipolar pulses. The amplitude of the applied voltage
the plasma density degrades gradually as a function of timguulse for the ceramics PLZT 7/65/35 in the reversal mode is
This makes the compensation process at the free ferroelectréeveral times less than that of the nonreversal m@@ther
surface less effective compared to that at a surface coverddrroelectric crystals and ceramics compositions may be
with a metal electrode, and as a result leading to partial pofound with a very high coercive field that exceeds the volt-
larization switching. Nevertheless, we believe that one camge needed for the plasma ignition from the tripple points.
approach complete polarization switching by increasing the (4) The emission current densities for the reversal and
surface plasma density under higher switching voltages. the nonreversal modes of the studied PLZT 7/65/35 compo-
One can see from Fig. 31 that the polarization switchingsition are comparable. The delay times in the observed
(backswitching current and the firstsecondl electron emis- modes strongly differ. The delay time in the reversal mode is
sion current are of the same duration. Therefore, we believeuch longer than that in the nonreversal mode. This property
that the electron emission pulses shown in Fig. 31 are due tis the principal one which should be observed for any ferro-
double surface plasma formation caused by partial forwarelectric cathode. It is explained by the limited velocity of the
polarization switchindthe first puls¢ and by backswitching ferroelectric domain forward growth.
of ferroelectric domaingthe second pulgeThe backswitch- The important result of this study is a plasma-assisted
ing causes the appearance of a second noncompensatgtharacter of strong electron emission from ferroelectric cath-
charge(opposite sign with respect to the forward reversal odes in both modes. The electron beam is extracted from the
positive in our experimental conditions during the same apsurface plasma by either the external or the surface potential
plied voltage pulse. Therefore, the conditions for surfaceof the ferroelectric cathode. Basic features of ferroelectric
plasma generation may be achieved twice during the singleathodes in both the reversal and the nonreversal modes are
applied voltage pulse. The rather high electron emission cursummarized in Table IV for the different materials ugad-
rent (Fig. 31 is attributed to emission from the surface cording to Shuret al,'®°*82 Rosenmanet al.# Shur and
plasma. The double plasma formation leads to the drastiRosenmafr).

Downloaded 29 Jul 2001 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



6146 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Appl. Phys. Rev.: Rosenman et al.

TABLE IV. Basic features of ferroelectric cathodes based on different materials in the reversal and nonreversal

modes.
Reversal mode Nonreversal mode
Ferroelectric material TGS PLZT 12/65/35
PLZT 7/65/35 PLZT 7/65/35
Phase Ferroelectric on\,<Tc No restriction
Dielectric constant No restriction As high as possible
Operating voltagé¢Applied field)
(i) Polarity (i) Bipolar No restriction
(i) Field intensity applied (i) E>Ec As high as possible
(iii) Rise time of applied voltage pulse (iii ) Any rise time As short as possible
Ill. APPLICATIONS OF ELECTRON EMISSION FROM electric materials thinned down to tens of microns was pro-
FERROELECTRICS posed by Aucielleet al,”® Averty et al,*® Le Bihanet al,*’’

The previous chapter considered two sorts of electrof:Sanoet al™). In the first demonstration of PZT thin film
emission from ferroelectrics. Weak ferroelectric electronMiSsion by Auciellcet al.™ an emission current density of

77 2 .
emission is an unconventional effect in which the crystal0 *A/CM as meaSL:éri%j. However, according to Sam-
emits electrons as a result of a small variation of temperaturB@yanet al.""“and Gundel™a charge density of the order of

(pyroelectric effed; mechanical stresgiezoelectric effedt pClent per frame is required for generating a mid-gray
or polarization inversion. The distinguishing feature of fer-SCale Over the entire screen. A charge density of about only

roelectrics is a very low conductivity. This allows the pres-0-1 r;é:/cr_ﬁ is available ép))er pulse according to Auciello
ervation of the local surface distribution of induced uncom-&t @l- This implies that 10 pulses per 10 mgssuming 100
pensated charges of pyroelectric or piezoelectric origin1Z TV frame rate should be emittedl MHz repetition rate

corresponding to the distribution of the temperature or ap!Tom & ferroelectric. The high repetition rate of 1 MHz al-
plied mechanical stresses. In the case of polarization switcHOWS One to assume that ferroelectric material fatigue, caus-
ing, the individual operation of ferroelectric domains also!"d @ reduction in the device lifetime, will be a serious prob-
gives rise to a corresponding distribution of uncompensatelf™M in developmening a ferroelectric flat panel display.
surface charges. Ferroelectric emission allows conversion of AN experimental model of ferroelectric electron emis-
these chargésdistribution to electron emission flux. The ap- SIoN demonstrating fea5|bg|ty of the device concept was de-
plied technique of position sensitive electron detection to’€l0Ped by Rosenmaet al” To illustrate FEE display fea-

ferroelectricd® resulted in the visualization of the electron SiPility we used ferroelectric TGS plates ¥fpolar cut (10

flux by the corresponding optical image. It makes it possible 110 mm). A 50 Hz sinusoidal switching voltage was

to develop a new generation of devices, such as thermal arfiPpPlied between two electrodes. The front electrode was an

x-ray converters. The most attractive application is a ferro£lectron detector—a microchannel plate placed in front of an

electric flat panel display. emitting surface of a TGS sampl&ig. 34). It should be
The second phenomenon is a strong emission effett noted that this front electrode which is also a switching elec-

which resulted in immense efforts to develop and use higﬁrode should be transparent to electrons, such as a fine grid or

density electron cathodes for microwave generation, ga& conductive plate with numerous small channels. The sec-
spark switches, etc. ond switching electrode, patterned with a required shape,

Here we will present some examples of this new genera-
tion of devices based on electron emission from ferroelec-
trics.

. L . Microchannel
A. Ferroelectric electron emission devices Matrix plate
rear
electrode

Luminescent

1. Ferroelectric emissive flat panel displays

Use of ferroelectric materials is rather promising for flat
panel display technology. Electrically addressed light valves
may be used as a basis for flat panel dispfayDisplay
devices that are comprised of ferroelectric materials in com-
bination with other activéelectroluminescent or photocon-
ductive materials have also been propos&dAn emissive
flat display*12"7>177178%ased on electron emission from
ferroelectrics potentially combines the best attributes of cath-
ode ray tubes, such as high efficiency, brightness, and a wide Switching
viewing angle, and flat panel displays such as thinness and —| generator
low weight.

An idea to deve'l()p an 'emiSSive flat .panel display on thesig, 34, An experimental setup of a ferroelectric electron emission flat
basis of ferroelectric thin filmss1 wum thick or bulk ferro-  panel display.

+V
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(a) (b The observed results show that the FEE display is flat
and that the dielectric properties of the employed ferroelec-
tric material allow one to build it in a “plane-to-plane” ge-
ometry. Certainly, the data presented demonstrate a static
electron display. Clearly, an array of local ferroelectric cath-
odes(pixels) should be operated by an active electrode ma-
trix deposited on the rear ferroelectric surface.

2. FEE imaging and memory devices

The developed ferroelectric display demonstrates an im-
FIG. 35_. Ft_erroelectric electron emission images for different shapes of th‘fz)ortant ability of ferroelectrics to generate electron emission
rear switching electrode. T . . .
from individually operated ferroelectric domains or domain
clusters. It implies a homogeneous coercive field in the ferro-
electric plate used. Here a specific property of ferroelectrics
to alter a spatial distribution of the coercive field will be
was deposited on the rear nonemitting polar surface of thexploited to visualize a hidden x-ray image and neutron flux.
sample(Fig. 34). Another example of a potential application of the electron
Three different types of silver paint electrodes were use@mission effect is FEE thermal imaging based on pyroelec-
as rear electrodes. The first sample was coated with a unirically induced FEE.
form electrode. A grid-shape electrode was deposited on the X-ray or neutron irradiation of dielectric crystals gives
rear surface of the second sample and the electrode of thise to the generation of point defects. The damage-produced
third sample had a “21” shape. The electron emission fluxmechanism includes both the displacement and the ionization
was imaged by the use of a phosphor screen. The opticalf atoms. In these cases the radiation defects bring about
image emerging on the phosphor screen was recorded bylacal mechanical strains in the ferroelectric crystal matrix.
charge-coupled device camdif@ig. 34). The dielectric hys-  Unlike linear nonpiezoelectric dielectrics, ferroelectric crys-
teresis loop was measured by the Sawyer—Tower method itals are media without a center of symmetry. Structural de-
order to analyze the polarization switching process. fects in ferroelectrics possess their own dipole moment
Application of a switching voltage larger than 75 V Aw.2®® For monodomain ferroelectrics, all dipole moments
caused the appearance of several bright emission points. lfermed by the defects are oriented in the same direction and
creasing the voltage gradually up to 300 V resulted in ob-macroscopic “defect” polarizatioh P=NA & (N is the de-
serving the images shown in Fig. 35. In the first samplefect concentrationarises'®® This polarizationAP is oppo-
electron emission was observed from the entire polar fronsite to the spontaneous polarizatiBg and causes ferroelec-
surface. Electron images of the second and third samplesic domain clamping. Experimentally observed hysteresis
[Figs. 3%a) and 3%b)] reproduced the above-mentioned rearloops for irradiated ferroelectrics show the existence of an
electrode shapes, respectively. The dielectric hysteresis lodpternal bias field. As a result the coercive field in irradiated
measured simultaneously with the image was almost satuferroelectrics increasé&!
rated, indicating complete switching. The experimental re-  The coercive field and the FEE effect of irradiated ferro-
sults demonstrate that the electron flux possesses a spatiectric TGS crystals were studié®f. Two sorts of x-ray
distribution coinciding with the rear electrode form. irradiation were used. Continuous 30 keV x-ray radiation
The electron emission current density depends stronglyas employed from a conventional x-ray tube. A pulsed
on many parameters such as switching time, crystal worlk-ray source had the following parameters: energy 500 eV,
function, sample thickness along the polar axis, "ét&n pulse durationr=10°s. The estimation of the coercive
emission current of the order of 16A/cm? was measured field E. from measured hysteresis loops for crystals irradi-
under similar experimental conditions by the use of TGSated by a continuous x-ray flux showed tHat was en-
crystals’® The low conductivity of ferroelectrics makes it hanced three timegrom 0.25 to 0.75 kV/cmwith increas-
possible to retain an uncompensated switching charge  ing irradiation exposure doses in the region X%°-6.3
on a free polar ferroelectric surface, exactly at the regions< 10° R.
where switching occurdisplay pixel$. Hence, the obtained A FEE image was studied from samples preliminarily
distribution AP4(x,y) (X, y are the surface coordinajesor-  irradiated through a lead protected mask of a specific form.
responds to a distribution of the switching field applied, i.e.,As a result of the irradiation, a part of the sample was dam-
to the shape of the rear switching electrdéiégg. 395. If the  aged, whilst the other parts were totally protected by the
resulting electric fieldE is sufficient for the ferroelectric mask. This gives rise to a corresponding distribution of the
electron emission, the switched crystal regiddemaing  coercive field when it was larger in the irradiated region than
will represent themselves as local electron emission cathin the nondamaged region. The FEE image was induced by a
odes. These cathodes may be individually operated by locaderiodic inversion of the spontaneous polarization of the
domain switching. A pixel shrinking limitation should be TGS crystal in a 50 Hz periodic switching field. The experi-
related to a minimal electron emission current which carmental setup was identical to that previously described. Fig-
activate the phosphor screen. We believe that this will be there 36 demonstrates the FEE image of a sample subjected to
main parameter restricting the display resolution. an exposure dose of 2@L0° R. The applied switching field
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FIG. 36. Ferroelectric electron emission of a hidden x-ray image in a ferro-
electric TGS crystal.

was Eg,= 0.5kV/cm, which was twice as much as that for
the virgin TGS sample, but it was less than that for the irra-
diated sample. The FEE image completely duplicated the
form of the protected mask, namely the irradiated central part
did not emit electrongit is dark) whilst the nondamaged
region of the sample emitted electrons. This method may be
used to visualize x-ray hidden images. One of the pr0b|em§IG. 38. A ferroelectric electron emission image of an infrared, G3er
which should be solved is the limited resolution of the "™

position-sensitive electron detector-microchannel plate used,

which is about 40 lines/mm. ment FEE was induced by the pyroelectric effect. Samples of
Similar results were observed with a neutron irradiatedpo|ar cut monodomain crystals of LiTa®0 um thick were
TGS samplé®® The sample was irradiated from a Cf-neutron ;seq. The FEE effect was measured frore a polar face,
source. This isotope has a complicated spectrum of the raghjist the opposite ~ face was subjected to irradiation from
dioactive decay including rays and slow and fast neutrons. 4 CO, laser P=10 mWi/cn?) through a germanium window
A special screen protected fromrays and slow neutrons iy 3 vacuum chamber. Figure 38 illustrates three photographs
was used and mainly fast neutrons with a flux of 1.1taken every 120 ms. The first photograph shows the FEE
X 10'n/en? irradiated the sample. The FEE image demon-mage corresponding to the profile of the laser beam. The
strates a dist?nct contrast where a dark spot is the neutropeyt segment demonstrates fast broadening of the thermal
damaged regiofiFig. 37). flux along the LiTaQ pyroelectric target. The third photo
The artiglé83 also reported on FEE visualization of in- shows the process of sample cooling when the laser was
frared radiation from a CQlaser(10.6 um). In this experi-  gwjitched off. It was shown that a detectivity of the proposed
FEE method of IR radiation visualization was 0.1 mW#cm

B. Ferroelectric cathodes and electron guns
1. Basic parameters

The first observation of high electron current density up
to 10? Alcm? (Gundelet al®") from ferroelectric materials
stimulated the development of ferroelectric cathodes by sev-
eral research groupdvers et al.® Jianget al,'® Sampayan
et al,!* Cavazoset al,'? Averty et al,'® Okuyamaet al,**
Airapetov et al,*® Benedeket al,*® Boscolo et al,®® Shur
and Rosenmatf®! Advani et al,**3 Krasik et al,®® Dunae-
vsky et al.B%" Nation et al1®%). A ferroelectric cathode was
compared to a thermionic one in the same gun structure by
Jianget al ! In the same experimental conditions the ferro-
electric cathode was able to supply one order of magnitude
FIG. 37. A ferroelectric electron emission image of a neutron-irradiatedigher current compared to the thermionic one. Current den-
TGS crystal. sities up to 10 A/crh(total current up to 36 Awere obtained
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by use of the ferroelectric cathode. A beam brightriessa-  to the rear electrode has also been achieved by &aat'°
sured at a beam current of 15 A and an extraction voltage aind Sampayast al*
10 kV) was 1.2% 10" A/m?sr. By comparing this value Relative timing between the trigger voltage pulse ap-
with corresponding parameters of conventional cathdsies plied to a ferroelectric sample and application of the accel-
the previous te3f one can see that such high brightness val-erating cathode-collector voltage appears to be an important
ues can be achieved by Schottky and field emission cathodéactor influencing ferroelectric cathode parameters. The de-
only 1818t should be stressed, however, that generating dayed gap voltage application, which has been studied by
high total current is not achievable with single field emissionseveral investigatoréSampayaret al.!* Flechtneret al,*®
cathodes. In contrast, extremely high total currents are availAdvani et al**3, showed the existence of an optimal delay
able with ferroelectric cathodes. In fact, Advaeiall®*® time allowing a maximum current density to be generated by
showed that total electron currents with a peak value of up téhe ferroelectric cathode. The experimental optimal delay
1 KA (pulse width of several microsecond=san be generated time was found to be within the range 0.4-%6. Beyond
by ferroelectric cathodes. Thus, despite a current density dhis time interval the current drops and consequently van-
hundreds of A/crhavailable from ferroelectric cathodésp-  ishes.
proximately the level of Schottky cathodesione of the Recently Dunaevskget al%°"19¥stydied the operation
above-mentioned conventional cathodes can achieve vef an electron diode based on a ferroelectric cathode under
high total currents generated by the use of ferroelectrics. the application of high voltage anode—cathode pulse45
According to Sampayaet all! the measured electron kV with a repetition rate of 5 Hz anek250 kV in a single
beam brightness was 10° A/m?sr (beam current from 6 A shot modé The obtained results indicate that the source of
at 11 kV up to 42 A at 21 kY, which is two orders of charged particles is a plasma which is formed on the front
magnitude lower than that measured by Jiagl° This  electrode of the ferroelectric due to an incomplete surface
implies considerable scattering in brightness values for difdischarge. Unpoled ferroelectric PZT samples with the front
ferent ferroelectric electron guns. Obviously, additional ex-surface covered by copper strips were used. The solid rear
perimental studies are needed to determine the typical eleelectrode was made of copper. The samples were placed in-
tron beam brightness that ferroelectric cathodes caside a cylindrical aluminum box with or without covering the
demonstrate. output window by a stainless steel grid. In these experiments,
In the early papers devoted to the strong electron emisbesides the commonly controllédV characteristics of elec-
sion from ferroelectricgsee, e.g., papers by Gundslal.®*  tron diode, studies of electron beam uniformiby use of an
Ivers et al.® Airapetov et al’®) the electron current pulse array of CFCs and a soft x-ray image of the electron heam
duration did not exceed several hundreds of ns. Recenthgnd potential distribution inside the anode—cathode (@gp
electron current pulse duration was extended to a microseatse of HV floating probeswere carried out. In addition,
ond time scal@®%>1338Generating longmicrosecond time  light emission from the anode—cathode gap was studied by a
scalg and flattop current pulses is a matter of importance foffast framing camera.
high power microwave device§’ In the experiments with framing photos, a nonpoled PZT
The triggering mode of ferroelectric cathodes includessample was placed at a distance of 10 mm from the output
the polarity and application technique of the voltage applieccathode grid. A negative driving pulseV{=3 kV,ty,
to a ferroelectric cathode. The latter implies that the trigger~10us) was applied to the rear electrode of the sample. An
voltage can be applied to either the résolid) or the emit- anode—cathode gap of 20 mm was used in this set of experi-
ting (grid or strip electrode. Dependencies of emissionments. Framing photo®0 ns framéewere taken with a time
current® and electron enerdy on the triggering mode were delay of 200 ns from the start of the driving pulse. When the
studied. A study conducted by Sheiral®* showed a crucial PFN (pulse forming networkpulse(V,=35kV, pulse dura-
role of the cathode triggering mode in broadening the election ~20 us) was applied prior to the driving pulse, the
tron energy spectra and cathode perveance. The pervBanceobserved electron current in the diode was=80A (j.
defined by the relatioP=1/V®?, wherel is the gun current ~10 Alcn¥, t,~500ns). This current started almost simul-
andV is the voltage®® is one of the basic parameters of taneously with the application of the driving pulse. When the
electron guns. The perveance reached by a gun with a negdriving pulse was applied, light emission appeared at the
tive trigger voltage applied to the front electrélevas as  anode surface and later weak light emission was observed at
high as 67uP, while with the same trigger voltage applied to the surface of the output cathode gfgke photo 1 in Fig.
the rear electrode the perveance was onlyuPl Neverthe- 39). After 200 ns the anode and the cathode light-emitting
less, both of these values exceed by more than one order ofgions had a width of a few mm with a smooth boundary.
magnitude a typical perveance for thermoinic cathdfes. The light intensity in these regions decayed almost simulta-
However, a perveance of about 288 has been achieved in neously with the end of the electron beam current in the
an electron gun with a plasma cathode based on the extradiode. The weak intensity and the fast decay of the light
tion of electrons from a hollow cathode dischat§&One  emission indicated the absence of an explosive emission
can conclude that a high perveance, which is a typical featurplasma.
for plasma cathodes, can also be reached by ferroelectric The light emission changed when the PFN pulse was
cathodes based on the extraction of the electrons from a suapplied with 7y=~1.5us (see photo 2 in Fig. 39 In this
face flashover plasma. It is interesting to note that a perregime electron emission started simultaneously with the ap-
veance of 10—1%P with a negative trigger voltage applied plication of the PFN pulse with the diode current amplitude
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regime is related to the plasma prefilled operation of the
electron diode with the formation and expansion of the ex-
plosive plasma.

The plasma nature of a ferroelectric electron source was
shown in experiments with an electron diode. It was shown
that the temporal behavior of the diode impedance strongly
depends on the time delay between the application of the
driving pulse and the beginning of the accelerating pulse.
Without the plasma prefilling of the anode gap the diode
impedance decreases within the accelerating pulse due to the
explosive emission plasma expansion. In the case of the ab-
sence of the explosive emission plasma and an infinite source
of electrons, the diode impedangg should be proportional
to V, V2. However, in the experiment a rising or quasicon-
stant impedance was observed that can be associated only
with the preliminary plasma prefilling of the anode—cathode
gap.

It was found that in the plasma prefilled regime, electron
beam generation with a current density of several hundreds
of Alcm? is possible(with an applied accelerating voltage of
several tens of kY By properly adjustingry, Vi, Va, and
d.c, an electron beam with duration of several hundreds of
nanoseconds was obtained. In addition, depending on the
values of rq, Vi, V,, andd,., diode operation with or
without the formation of an explosive emission plasma was
observed. Besides, we obtained diode operation with a qua-
sistationary boundary of the plasma which provides almost a
constant diode impedance.

According to the results, it is evident that the diode op-
eration as well as the characteristics of the extracted electron
beam depend strongly on the parameters of the driving pulse,
the parameters of the accelerating voltage source, and the
cathode geometry. The large divergence in the amplitude and
duration of the extracted electron beams observed in previ-
ous studies can be explained by differences in the above-
mentioned experimental conditions. The present research
shows that plasma cathodes, based on ferroelectric materials,
can be successfully used in an electron diode configuration to
generate high-current electron beams. Extensive experimen-
tal data dedicated to the subject have been presented in the
paper by Dunaevskgt al 88

Recently an electron gun device supplying a few hun-
dred amperes at 500 keV and based on a ferroelectric cath-
ode was developed! The gun should be used to generate
FIG. 39. Framing photos of the visible light emission observed from thehigh power microwaves by the use of a TWT amplifier. The
planar diode for two different cases: accelerating voltage is applied prioferroelectric cathode was based on PZT prepoled ferroelec-
(frame J) to a_nd after the start of the driving pulstames 2 and 3, were  tric ceramics 1 mm thick with an exposed cathode area of 2.8
e s o ke 2 20 1 5 e A thin grid consisting of & number of 20am width
A—anode; C—cathode. silver strips, spaced 20@m from each other was deposited

on the front ferroelectric surface. The grid was grounded and

a positive trigger voltage pulse of 1 kV was applied to the
increasing in time. In this case, a bright layer, which ap-rear surface of the ferroelectric sample. Emission was ob-
peared at the output cathode grid at the beginning of the PFRerved as 250 ns width pulses in a repetitive m@bléHz
accelerating pulse, was observed. Further, this layer spreadpetition rate An electron current density as high as 125
with a velocity of (1—2)x 10° cm/s and intersected with the A/cm? was observed. The rise time of the electron beam
anode plasmé#see photo 3 in Fig. 39 At this instant a fast current was less than 20 ns. The authors assumed that field
increase of the diode current accompanied by a fast decreaseission from triple points may lead to plasma formation at
of the accelerating voltage were observed. We think that thishe ferroelectric surface.
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The above-considered results show that high quality __ N ek G it ol rems clpctrodl)
pulsed electron guns based on the ferroelectric cathodes cai 8 1.2:10 " i
be developed for use in high power microwave generation. 5 ]
According to Thumm®?in high power cw(or long pulsé
gyro-devices thermionic impregnated dispenser cathodes ol -
thermionic lanthanum hexaboride are mostly used. Short
pulse high power gyro-devices also use cold cathode explo-
sive emission gun¥? High current ferroelectric cathodes % 4104
have a potential to change the situation in this field after =
preliminary results demonstrating the use of such cathodes %

810

'AE (ar

for CRM (gyrotron microwave oscillator$>®® Besides S 01 |
high total current and brightness, basic advantages of the 200 600 1000 1400 1800 2200
ferroelectric cathodes for microwave applications are their Electron Energy E (eV)
ruggedness, absence of high vacuum requirements, instan.~ Vir=-1800 V (applied to the front clectrode)

turn-on capabilities, ease in manufacturing, and low cost. g 3.0x10

2. Electron energy spectra of ferroelectric cathodes

B -3
The electron energy spread is an important quality factor 'g 2.0-107

for electron sources and may play a crucial role for applica- 3
tions of these cathodes, especially in microwave tubes. Elec-&

-3 ]
tron energies were measured by the retarding potential% 1.0-10

method by Gundedt al,®! Iverset al.® and Flechtneet al®® z 3

Gundelet al®® measured the emitted charge versus deceler- &

ating voltage on a retarding grid in order to estimate the 200 600 1000 1400 1800 2200
energy spectrum of the electrons emitted from the ferroelec- Electron Energy E (eV)

tric cathodes. The emitted charge decreased gradually with

increasing the retarding potential, thereby demonstrating twé!G. 40. Experimental electron energy spectra for the same negative trigger
different slopes of the resulting emitted c:harge—deceleratingr?'tage (V| =1800V) applied to the rear electrodepper graphand to
voltage plot®® The plots showed that the electron energy e front(ring) electrode(lower graph.

spans from O up to several kV corresponding to the ampli-

tude of the negative trigger voltage applied to the rear elec-

trode of the cathode. Thus, the measurements by Gundabpplied to the front electrode, compared to the same voltage
et al®® showed a rather wide electron energy distributionapplied to the rear one. The energy spectra are quite differ-
from zero energies up to values slightly higher than the negaent. The latter electron energy spectrithe cathode trig-
tive trigger voltage applied to the rear electrode of the ferro-gered via the rear electrodes much wider with a full width
electric cathode. at half maximum of about 1100 eV, while the former one

Qualitatively similar results for negative pulses applied(the cathode triggered via the front electrpde about 100
to the rear electrode were presented by Flechehet® Fur-  eV. Moreover, in the case of triggering via the front elec-
thermore, Flechtnest al®® showed that the electron energies trode, the maximum of the spectral distribution is shifted
were much higher with a negative trigger voltage comparedoward higher energies by400 eV.
to a positive one. Applying positive trigger pulses to the rear  To interpret the electron energy spectra, a static potential
electrode, Iveret al® measured low energies of the emitted distribution at the cathode surface was simuldfeids. 41a)
electrons(up to 60 eV). However, Flechtneet al®® found  and 41b)] for both triggering modes. The partial differential
that one can increase the electron energies up to about teguationTooLBOX for MATLAB, utilizing the finite element
trigger voltage valug=1 keV) by applying a negative trig- numerical technique was used. One can see that in the case
ger voltage pulse to the rear electrode. of triggering via the front electrodémodeB), at the initial

Auciello et al.”” measured emitted electron energies us-stage of the surface flashover the electric figlds retarding
ing the CMA of an Auger electron spectrometer. A sharpfor plasma electron$Fig. 41(b)]. Therefore, the electrons
electron energy distributiorifull width at half maximum  together with ions may reach the expander grid where charge
~30 eV) was observed by exciting a 1}0n-thick ferro-  separation occurfFig. 41(b)] due to the plasma expansion
electric cathode with a negative trigger pulse via the reagradient. If the plasma inside the expander has a negative
electrode(after restoring the polarization vector by a positive potential close to the applied trigger voltayg, the elec-
pulse. A sharp energy distribution centered around 265 eWtrons will be pushed out of the plasma by the accelerating
remained the same for excitati¢nigger voltages within the potential difference between the grounded intermediate grid
300-400 V rangé® and the negative plasma potenti&ig. 41(b)]. The experi-

A detailed study of the electron energy spectrum as amnental electron energy spectryffig. 40 is rather narrow in
function of the triggering mode was conducted by ShurmodeB, and it probably corresponds to the potential distri-
et al®® Figure 40 shows an electron energy spectrum of aution in the plasma, which should be narrower than that of
PLZT ceramic cathode, triggered by negative voltage pulsethe dielectric surfacgFig. 41(a)].
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Vz=-1800 V is applied to the rear contact (mode A) layer thickness. For the above-estimated plasma density near
the cathode surfacenf~ 102cm3) and a typical electron
temperature of 1 eV, the Debye length li,~7.4um,
which is rather close to the range @-5 um. This implies

that during plasma generation the plasma density is also in-
fluenced by the potential of the ceramic surf@E@s. 41a)

and 41b)].

Thus, the ionization process within the streamer is ac-
companied by charge separation due to the charged dielectric
surface. It should be noted that this qualitative explanation
@ and diagrams of Fig. 41 may not be applicable for further

stages of the flashover characterized by dense plasma gen-
Intermediate grid (V= 0) eration.
____________ Studies of temporally and spatially resolved energy
spectra of charged particles emitted from ferroelectric cath-
Ew Expander odes were recently conducted by Dunaevsiyal %1%
. TR VUj Ferroelectric cathodes based on unpoled and poled PZT-856
—————— (J=40mm, §=2 mm, &,~4000 were used in this re-
TE" search. The front electrode consisted of a structure of inter-
connected 1.5 mm width strips with a 1.5-2 mm spacing
between the strips. The cathodes were operated by applying
a driving pulse(Vi=2-10kV, 7,=500ng of either posi-
tive or negative polarity to the front or to the rear electrode
of the ferroelectric samples.

For measuring the energy of the emitted charged par-

ticles an electrostatic spectrometer was used. A system of
V.,=-1800 V is applied to the ring electrode (mode B) diaphragms limited the divergence of the microbeam to
(b) about 3 mrad. Deflection of the microbeam occurs when it
passes the region between two parallel electrodes with a dc
FIG. 41. (a) Calculated static potential distribution at the ceramic cathode€lectric field between them. To analyze the deflected charged
surface for the triggering mode AV,=—1800V is applied to the rear particles a gated”00—1000 V, 60 NsMCP with a phosphor
contacj compared to the_en_erg)_/ spectrum of the emitted electl(bmﬁ_al- _screen placed behind it was used. A framing camera
culated static potential (_1|str|bqt|on at the pathode surfape for _the Fr_lggennghQuiCkOSA was used to observe the electron pattern on the
mode B(V,=—1800V is applied to the ring electrodwith a simplified . o
electric field diagram. phosphor screen. It was determined that the sensitivity of the
spectrometer is<20 uA/cm?. For aligning the spectrometer
opposite different regions of the cathode, a HeNe laser was

One can see from Fig. 4d) that there is reasonable used.
agreement between the wide electron energy spectrum mea- With a positively poled PZT sample, electrons with an
sured and the calculated surface potential distribution in thenergy of<2 keV were obtained when the amplitude of the
case of the triggering via the rear electrogeode A). In positive driving pulse applied to the rear electrode we
mode A the electric fieldE, is accelerating for electrons. kV. For the case of a negative driving pulse applied to the
Therefore, electrons already in the vicinity of the ceramicrear electrode, no deflected electron microbeam patterns
surface may be extracted from the plasma due to a lowvere observed. A similar situation was realized for the nega-
plasma density in modé&. Hence, one can assume that intively poled PZT sample, i.e., no electron microbeam pat-
mode A the electron energies should follow a rather wideterns were observed for the positive driving pulse applied to
surface potential distributiofFig. 41(a)]. the rear electrode. In the case of a negative driving pulse

Estimations of the expanded plasma density in mBde applied to the rear electrode, the energy of electrons was
from the measured ion current showed that it is of the ordefound to be<1.3 keV when the amplitude of the driving
Np~3X 10°cm™3. Additional estimations showed that the pulse was 4 kV.
plasma density near the cathode surface could be as high as For unpoled PZT samples the energy of the emitted elec-
ny~10%cm 3, trons also does not exceed 1.4 keV when the amplitude of

Examining the literature related to surface flashoverthe negative driving pulse applied to the rear electrode was
physics, one can see that desorption of adsorbed gases occe#d.5 kV. Energetic electrons and iong{,<4.2 keV) were
prior to surface flashovefBugaevet al.**® Avdienko and  observed when a positive driving pulse was applied to the
Malev %3 Gray'®¥. According to these studies molecules canfront electrode of both unpoled and poled PZT samples.
travel (1-5 wm after being desorbed before flashover be-  Thus, the same qualitative results concerning the energy
gins. This implies that the initial ionization occurs in a very of the emitted electrons and ions were observed with poled
thin layer of desorbed gad-5 um adjacent to the dielec- and nonpoled PZT samples. Namely, the authors observed
tric surface, which may be considered as the initial plasmaneither electrons nor ions with energies exceeding the driv-
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ing pulse amplitude when it was applied to either a rear oreported observations of erosion of deposited front patterned
front electrode. electrodes and the ferroelectric surface itseff2-#

The variation in energy of electrons emitted from differ- In this paragraph an experimental study of the lifetime
ent regions of the ferroelectric cathode surface can be exand the reproducibility of ferroelectric cathodes, which is
plained if one assumes that the plasma density decreasestremely important for predicting future applications, will
from the strip electrode edge toward the middle point of thepe presented. This study was conducted with ferroelectrics of
space between the strips. A part of the plasma ions are agifferent crystal structures, different phase states, and in dif-
tracted to the ferroelectric surface in order to compensate thrent modes of electron emission excitatiovith and with-
negative surface charge. In this case the plasma may havep@t polarization reverspl The ferroelectric ceramics PLZT
noncompensated negative potential which increases towargh/g5/35, PZT(APC-856,'°¢ and TGS ferroelectric single
the middle point between the two strips. This negative potrystals were investigated. These materials are related to dif-
tential leads to the emissionlof elegtrons with .increased €Mferent phase states: TGS crystals and poled PXHC-856
ergy from the plasma. Certainly, this explanation needs adzeramics possess macroscopic spontaneous  polarization
ditional proof; for instance, by nondisturbing spectroscopicterroelectric state whilst PLZT 12/65/35 composition is in
measurements of the temporal and spatial distributions of thg,, paraelectric phase, and it represents a linear dielectric

Surfacﬁ potential. | . o tronWith high dielectric permittivity ofs, ~3400.
When a negative driving pulse was applied to the front The experimental setup was traditional for ferroelectric

electrode, the energy of the em_|tt_ed electrons was alm_o%tathode studies. A continuous electrode was applied to the
equal to the amplitude of the driving pulse. This result is

rear surface of the samplgear electrode Different pat-

simple diode configuration was realized. Indeed, the entranc ont emitting surfacefront electrod® In the experiments

d|gphragm of the spectromeFer Serves as a groun_ded ano\siv?th TGS crystals a fine copper grid um wire diameter, 16
with respect to the ferroelectric plasma cathode. This sugges- . o )
m period was used. A brass washer with internal diameter

tion is consistent also with the observation of energetic iong" :
when a positive polarity driving pulse was applied to theOf 3.4 mm served as the front elegtrode. TGS monodomr?un
front electrode. Taking into account the time of flight which ¢YStals 0.5 mm thick were tested in the reversal mode with
ions need in order to pass from the cathode to the MCP, on@ continuous sinusoiddhg voltage ¢/yns=250V) of 100
can conclude that the ion emission begins within the first1Z frequency, applied to the rear electrode for 30 min. The
10-20 ns of the positive driving pulse. We believe that onlyPLZT 12/65/35 ceramic samples were subjected via the front
a plasma formation model can explain the observation Oplectr_ode to negative rectangular high voltage pulsgs with the
ions with energies determined by the driving pulse ampli-following parameters: 1.5k¥|Vy|<2.5kV, pulse width of
tude. =150 ns, and repetition rate of up to 10 kHz. In both the
The existence of the energetic charge particle flux emit-TGS and PLZT 12/65/35 experiments mentioned previously,
ted by the ferroelectric cathode, together with plasma prefilion and electron emission currents were measured by a col-
ing the electron diode, virtually explain numerous experi-limated Faraday cugCFC). The surface damage was in-
mental results where a considerable increase of the emissigpected by reflected light optical microscopy. All experi-
current above the space charge limited value was demornents were conducted in a vacuum-efl0™° Torr.
strated. Indeed, it is well known that the comparison of the A lifetime test was performed on a PZRPC-856 10
observed electron current density with a space charge limiteek 10X 1 ceramic sample using a nonreversal mode of the
one can be valid only in the case of a vacuum diode withemission excitation. The cathode was subjected to monopo-
zero initial electron velocity. The data above-mentionedar negative rectangular voltage puldesl kV with a rep-
show that this is not the case when ferroelectric cathodes awition rate of 100—200 Hz and a rise time of less than 100
used. ns via the front electrode. The emission current was mea-
sured by a Faraday cup. Six consequent cycles of apparently
10 min each were performed. The reproducibility of the elec-
3. Lifetime of ferroelectric cathodes tron emission current was investigated after each consequent

Some basic parameters of ferroelectric cathodes such &ycle and the damage to the sample was investigated after
electron current density, brightness, perveance, and energf. 40, and 45 min of the cathode operation.
spectra have been studied by M. Einat. These studies dem- The lifetime test with TGS ferroelectric monocrystal
onstrated fairly good figures of merit compared to classicafathode showed that the threshold voltage required for the
electron sources. It was shown previously that regardless ¢fmission excitation was as small as 100 V. Both ion and
the phase state and modes of the initial electron emissio@lectron emission currents were obserf&t@ihe examination
excitation(ferroelectric electron emission under polarizationof the TGS crystal surface demonstrated a strong damage of
reversal, field-induced phase transition, or field emissiorthe emitting surface. A grid pattern identical to the primary
from triple junctions, the strong emission from ferroelectric grid electrode was observed on the surface. XPS analysis
cathodes is a plasma-assisted effect. One may assume thasulted in the discovery of copper atoms implanted into the
the surface flashover plasma should cause damage to tA&S crystal matrix, as a result of screening the depolariza-
cathode surface, influence reproducibility of the emissiortion field by ions from the plasma during polarization
current, and limit the cathode lifetime. Recent publicationsreversaf?84 The experiment showed that cathode operation
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=100 Hz led to a gradual degradation of the electron current
parameters. After 1 min of cathode operatién 10° shotg

two distinct peaks, instead of one peak, were observed. The
maximum current decreased lte-2.2 A. Subsequent testing
showed that the emission current pulse duratiqp de-
creased fromrq,=200ns in the first & 10° shots, torg,
=120ns after 198 10° shots. Considerable reduction was
observed in the emission charge, which characterizes a total
emission capability of the cathode per pulse. The emitted
charge decreased by a factor of 3 during the test, from 3.1
X107 C per pulse to 0.810 ' C per pulse. Figure 43
shows the dependence of the electron emitted ch@rger
pulse versus the number of shots.

It should be noted that despite the rather low repetition
rate (f =100 Hz) the electron current did not appear for each
applied high voltage pulse. While at the first stage of the test,
a current pulse was observed for each shot; at the last stage,
after 500< 10° shots, about 20%-30% of the high voltage
FIG._42. Damage pf the ferroelectric sample PLZT 12/65/35 after 30 min ofpulses produced a current pulse.
continuous operation. During the experiment, a gradually growing damage of

the cathode surface was observed—from a small local dam-
) , aged point on the surface at the beginning to severe damage
led to evaporation of the copper grid electrode. leading finally to total destruction of the cathode bulk. The

The PLZT 12/65/35 cathode was operatédaal kHz g, ta06 damage development was correlated to a reduction in
repetition rate. Electron current irreproducibility was ob- o assured electron current

served from the first seconds of the cathode operation. At the It has been shown previously that ferroelectric cathodes

end of the test, the time duration of the electron current ha ay be operated in two different plasma-assisted modes. The
been reduced from 100 ns at the beginning to short spikes First mode is a reversal mode when surface plasma followed

Sr‘r?c\)/reeratlLgr?nsoéscosngvsérzngatrzz r:euvmvgsero%fsgfsg?nptﬂzetzgtvﬁg strong electron emission is initiated by polarization rever-
0- 9 &4, The nonreversal mode is observed when a ferroelectric

tsr?mpk;(stie Flg't42 Af ?r?le .Of 0'5| mtm glamete; corgplt:;[elyg aterial is in the paraelectric phase or when a material in the
rough the center of the ring electrode was found after 3q, . 0 tric phase is subjected to an applied field of the

min of continuous work. L N
. . . same direction as that of spontaneous polarization vector,
Studies of PZTAPC 856 ceramics showed that the first thus eliminating polarization reversal.

high voltage pulseapplied to the cathode manually for The studied ferroelectric cathodes relate to different

verification of the emission current paramejeraused sev- . ) .
eral stable electron emission current pulses wiiA peak phase states. The strong electron emission was excited in
both of the above-mentioned modes. The TGS ferroelectric

current. Periodic operation with a repetition rate bf . . )

_ crystals were investigated in the reversal mode where an ap-
—100Hz caused a decrease of the electron current. Thelied sinusoidal voltage causes periodic inversion of sponta-
maximum peak value of the electron current was3.1 A. P 9 P P

. neous polarization. Both ferroelectric ceramics that were as-
Subsequently testing the PZT cathode at a frequency of sociated with quite different phase states were tested in the

nonreversal mode. The ceramic PLZT 12/65/35 does not
possess spontaneous polarization at all. Application of re-
petitive unipolar high voltage pulses to PZAPC 856 ce-
ramics also eliminated polarization reversal. Regardless of
all the above-mentioned differences between the studied
ferroelectric cathodes, in both emission excitation modes, the
following common features were observed) strong elec-
02 o M tron emission(b) visible light emission(c) ion emission(d)
erosive surface damage, atal irreproducibility of electron
\\ current and charge at high repetition rates. The pagatse)
are evidence that strong electron emission is a plasma-
assisted effect.
A surface plasma in a vacuum may be generated in two
ways. The first one is desorption and ionization of atoms and
0 1 2 3 4 5 molecules of residual gases localized on the ferroelectric sur-
Shots aumber (x10°) face. The second way is sputtering and evaporation of the
FIG. 43. The electron emission current-pulse charge degradation from pzpurface atoms from the ferroelectric cathode material and
ceramics. electrode. The repetition rate of the applied high voltage

0.3

Pulse charge [uCl

0.1
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TABLE V. Basic parameters of conventional and ferroelectric cathgoasameters of the conventional cath-
odes are according to Reimer—Refs. 198,)199

Cathode Emission Energy
temperature current density Brightnessp, spreadAE
Cathode type T, (K) jc (Alem?) Al(cn? sn) (eV)
Thermionic 2500-3000 1-3 (0.3—-2)10° for E=20kV ~ 1-2
(tungsten
Thermionic(LaBs) ~ 1400-2000  20-50 (3-28)10° for E=20kV 1
Schottky emission 1800 500 16-1C° for E=20 kV 0.8
(Zro/w)
Field emission 300 2x10° 10'-1C for E=20 kV 0.2-0.4
(cold cathodg
Field emission 1800 5x10° 10'-1C for E=20 kV 0.5-0.7
(heated cathode
Ferroelectric 300 10Qtotal 10°-10 for E=10-20 kV 30 eV
current up to 1 kA =100 eV

®Reference 75.
PReference 91.

pulses determines which of the processes dominates. It Blectron cathodes. This implies that ferroelectric cathodes
known that in a vacuum of I® Torr at ambient tempera- can be used only in devices tolerating such a large energy
ture, a monolayer of air will be adsorbed on the ceramicspread without performance degradation. Additional studies
surface in 0.2 $2"1%Sijnce the lowest repetition rate used of the brightness parameter should be conducted. A bright-
was 100 Hz, the longest time period was 0.01 s. This meansess value of 10A/(cn?sr) measured by Sampayan al !

that for all studied ferroelectric cathodes, plasma formations achievable with thermionic tungsten cathodes.

occurred as a result of the cathode and electrode materials.

The observed strong damage of the cathodes is a naturgl Forroefectric thin film cathodes

effect occurring as a result of surface flashover plasma for-
mation. Obviously, at the final stages of cathode operation
when the damage becomes critical, the irreproducibility oft
the electron emission current from the ferroelectric cathod ) A 74
increases. The observed changes of the current shape a (eroe7lsectr|_c_ thin f”n;G cathodegAsano et al,™ Auchello
emitted charge per pulse is evidence that ferroelectric catt! al‘.‘, Sviridov et aI ). AS ShOV_V” in Part A of this paper
odes have limited reproducibility and lifetime when operatedthe pla_ne-to-plane ggometr_;(Flg._ 12 allows one to in-
in a repetitive mode. The observed lifetime for the cathodes(,juce in  ferroelectric  thin  films a  field Eqou

based on the PZTAPC 856 ceramic and operated at the <h103—105.V/cm, |WhiCh is tg‘; ST]a”dfor IFEE gen?r?]tlio?_i
repetition rate of 100—200 Hz, was1(® current pulses of ;';;0:(:;2??;%02?;_%3\3’;8 ?gén‘;CjV; 05]292(; tcl.)J thin film
0.2 us duration. p pro-

6,7
The presented experimental data show that the lifetim osed by Gundeet al™” where a patterned electrode was

of ferroelectric cathodes operated at high repetition rates i br:é:EtEec: on the po'?r dSlng"’flf:e of alferroelectrlc ﬁ.ersm'c'
limited. Nevertheless, it can be compared to velvet and rom nonpoie samples 30—4an thick in

2 i 7 ;
carbon-fiber cathodes, which also operate in a pulse modé‘?w vacuum 10° Torr was studied by Asan&.No _d_eta||s )
and have a limited lifetime of-10* and ~10° pulses, re- were presented on either the ceramic composition or its

’ phase state. A field 25-75 kV/cm was applied to an evapo-

One of the most attractive applications of FEE cathodes
re devices based on ferroelectric thin films. To the best of
ur knowledge, only three research groups have studied

spectively. rated strip Al electrode. A FEE current of 0.7 A/éwas
) observed with a negative voltage pulse. It was proposed that
4. Brief summary FEE might be used in vacuum electronic devices, such as
Basic parameters of conventional and ferroelectric cathmicrotriodes and flat panel displays.
odes are given for comparison in Table(&ll data for con- A low voltage triggering FEE was investigated by

ventional cathodes are taken from Reifi€r’®y One can Auciello et al”® from PZT ferroelectric thin films 0.§um

see from Table V that ferroelectric cathodes have severdhick obtained by the sol-gel synthesis technique as well as
advantages over conventional ones, such as high electrdrom PLZT plates mechanically thinned to bel10 um
emission current density, high brightness, and ambient tenthick. A photolithography patterned Pt electrode was depos-
perature operation. A typical emission current density forited. Polarization reversal of the studied thin film samples
ferroelectric cathodes is of the order of 100 Afciwhich is ~ was thoroughly verified by measuring dielectric hysteresis
less than that for Schottky and field emission cathodes. NeMeops. PLZT cathodes, excited by a switching voltage of
ertheless, the total emission current from the ferroelectrid00—400 V, demonstrated a FEE current
cathodes can be as high as 1 ¥&which is hardly achiev- =0.5-1.5mA/crA. The measured energy spectrum showed
able by conventional cathodes. However, the energy spreaa sharp electron energy distribution arould,~265 eV

is orders of magnitude broader than that for the conventionalcomparable with the triggering switching voltagand a
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FWHM ~30 eV. PZT thin film samples generated a weak 100 " T T T T
FEE current in the range 0.07—0.18\/cm? under applica- : ? : :
tion of a switching voltage of 10-40 V (1.25-5.0 80
X 10° V/cm). Important measurements of FEE current repro-

ducibility showed that a stable FEE current is observed up to

only 1 cycles of polarization switching. A fatigue test of % 60
identical samples with continuous oxide electrodes indicated 3
that successful operation could be extended tg ¢gcles’® § 40

A group of researchers, headed by LeBihan, studied FEE§
from TGS and PLZT cathodes with different thicknesses
from 1 mm to 6um along the polar axiAverty et al,** Le
Bihanet all”’). A patterned steplike electrode of various pe-
riodicity, as conventionally used for ferroelectric cathodes, 0
was deposited by thermal evaporation. Two different
schemes for measureming electron current were used. An
electrpn mUItIp“,er detected weak FEE currents and a Systerl]—JIG. 44. Typical example of the Fourier analysis of the B-dot loop signal.
containing a grid electrode and a collector was used for
strong emission. The weak FEE current was studied under a
100 Hz sinusoidal switching field. FEE appeared at a switch-  Bergmanret al?** used a cathode, based on high dielec-
ing field of 5 kV/cm for a TGS 1 mm thick, and this thresh- tric constant materidt? to trigger a radial multichannel
old excited field increased dramatically to 25 kV/cm for thin- pseudospark switch. Distributing a current to several dis-
ner TGS samples 40m thick. Simultaneous measurements charge channels allows one to achieve higher discharge cur-
of FEE and the switching current allowed the observation ofents. This triggering method without any restrictions for the
a correlation between the two currents and an explanation afwitch geometry tolerates low working gas pressure40
FEE by the polarization inversion model. A FEE current for Pg that make such trigger units inefficient when using glow
TGS and PZT ceramics 100m thick was 3 and 20 A/cth  discharge triggering™
correspondingly. A discharge plasma and strong damage was
observed for a higher FEE current. It was found that the2. High-frequency electron beam modulation
thinner the sample, the smaller the FEE current. The ob- Current modulation of an electron beam, i.e., space-

served peculiarities for samples with different thickness ma)(:harge modulation, is one of the key problems in electronic
be related to changes of the switching field distribufidn. jevices used to gienerate high-frequency radidiBrRe-
Qualitative consideration of the normal component of thecently a new phenomenon related to electron beam high-

switching field showed that the switched area and the FEfeq ency modulation observed in an electron diode with a
current increases with an increase in the sample th'Ck”eSBIasma ferroelectric cathode has been repdté® The ex-

The authors of Ref. 13 attempted to optimize the relation,qrimental setup was similar to that shown in Fig. 19. A
between the sample thickness and the width of the electrods,qitive polarity high voltagdHV) pulse (25-45 k\) was
strips. Neyv data were recently published by Svirigmal.”® generated by a pulse forming netwdiiRFN generator To

who studied the FEE current from PZT films severah  ,5quce the plasma, unpoled ferroelectric samples BaTiO
thick using an electron multiplier. The authors observed the,,q pzT were used. The front surface of the samples was
FEE eff_ec,:,t using an applied field in nonreversal mode-oyered by copper strips. The samples were placed inside an
dielectric” electron emission. A measure of the FEE cur- 51yminum box with an output window covered by a stainless

rent was 10counts/s, Wh:)%h corresponds to T8A. FEE  gioe) plate. The plasma was created by applying a driving
was highly stab]e for X1 . cycles of the swnchlng f|elq. _pulse(Vie=2-8 KV, 7,=500n3 of either positive or nega-
The authors believe that this method of FEE excitation elimi+;, o polarity to the front electrode of the ferroelectric

nates the fatigue probleffi.

i i i

0 200 400 600 800 1000

Frequency [MHz]

samples.
C. Ferroelectric devices based on strong electron In addition to the diagnostics set shown in Fig. 19, the
emission authors used a B-dot loop placed inside a vacuum chamber

and microwave detectors were placed outside the chamber to
measure the HF radiation. The potential distribution inside
the cathode box was studied by an array of HV floating
A low pressure hollow cathode switch, triggered by aprobes.
pulsed electron beam emitted from a ferroelectric cathode, HF modulation was observed with an accelerating volt-
was developed at CERNfor the CERN Large Hadron Col- age of=30 kV for both BaTiQ and PZT samples. The elec-
lider beam dumping systef® The electron beam was trans- tron beam current modulation was 60%—70%, and was 100%
ported from the interior of a hollow cathode into the mainin some shots. It was found that the appearance of HF modu-
gap of the switch for initiatingwith nanosecond precisipa  lation did not depend on the polarity of the driving pulse
gas discharge with a maximum current of 45 ¥A.The applied to the front electrode.
switching efficiency and long-term reliability of the device It was found that HF modulation started with a delay of
has been reported’ (1.0+0.3) us after the application of the driving pulse. HF

1. Gas spark switches
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modulation was observed up to 38 when the amplitude of the input cable, one can consider a wave process. The pro-
the quasiconstant electron current remained at a l22ehA. cess of e/m wave oscillation in the cable can cause a peri-
An analysis of the low-frequency and high-frequency com-odical increase of electron emission from the cathode box,
ponents of the currents allowed the authors to conclude thate., modulation of the electron beam amplitude. It is known
there is no electron emission from the output grid and thathat inside an asymmetric potential well, nonrelativistic elec-
the plasma inside the cathode box supplies the electrons. tron oscillations and bunching can océ¥.This oscillating

A typical example of a fast Fourier transform analysis ofbunch of electron space charge may have a positive feedback
the oscillation frequency spectrum is presented in Fig. 44from the wave process if synchronism with the wave oscil-
The observed frequency peak has a narrow bandwidf®%  lations along the cable is maintained. This positive feedback
at the 20 dB level It was found that the frequency was is provided by a continuous extraction of electrons from the
independent of the amplitude and the polarity of the drivingplasma boundary in the vicinity of the output cathode grid. In
pulse applied to the front electrode of the ferroelectricaddition, due to the acceleration of the electron bunches, a
samples. In addition, the authors did not observe changes iF current appears in the cathode holder. The appearance of
frequency during the pulse of HF oscillations. Finally, it wasthis current should maintain the process of the e/m wave
shown that the frequency could be controlled over a broa@scillation in the input cable; i.e., it represents the positive
range by changing the length of the input cable for the drivfeedback.
ing pulse.

The measurements of the plasma parameters showed that
at the time of the appearance of the HF modulation the . . ,
plasma density was of the order of £8)x 10''cm™3, and 3. Demonstration of microwave generation by a
the plasma expansion velocity was (1.8.2)x 10° cm/s. ferroelectric-cathode tube
The data obtained by Penning probes showed that the neutral The demonstration was implemented by the research
density in the vicinity of the ferroelectric sample i,  group of Jerby(Drori et al!®) at Tel-Aviv University (Is-
~10"cm™2, and the neutral flow velocity is of the order of rae). A ferroelectric cathode was employed in a cyclotron-
(1-2)x 10° cm/s. The measurements of the potential distri-resonance masdiCRM). The CRM oscillator device was
bution between the front electrode and the output cathodgperated at-7 GHz, near the cutoff frequency of a hollow
grid showed a significant increase in the amplitude of thecylindrical cavity. The cathode was made of a PLZT 12/
negative signals from the probes when the HF oscillation$5/35 ceramic with a high-dielectric constant, 4000).
started. Electrons were extracted from the plasma excited on the

On the basis of the above-mentioned experimental datgathode surface by-1 kV short rise-time pulses. The use of
the authors proposed a qualitative model. According to thigerroelectric cathodes may advance microwave tube technol-
model, the application of the driving pulse to the front elec-ogy for various applications.
trode of the ferroelectric sample causes surface plasma for- In general, the cathode is a key component in microwave
mation. An accelerating voltage application to anode leads teubes, cyclotron-resonance masgt&Ms), and free electron
the acceleration of plasma electrons only when they appeaasers. The features of the cathode and its sensitivity to op-
in the vicinity of the output cathode grid. Since the observederating conditions are crucial for the performance of the de-
current density of the electron beam is lower than that previce. Ferroelectric cathodes present some attractive features
dicted by the space-charge law, the authors conclude that this regard. They can operate in poor vacuum conditions,
electrons are emitted from the plasma boundary behind that room temperature, and at low voltages. Ferroelectric cath-
output cathode grid. It was also assumed that the plasmades do not need heating and preactivation and they are easy
acquires a positive potentiélhe number of extracted elec- to fabricate and handle as compared to thermionic or field-
trons exceeds the number of ions emitted toward the fronémission cathodes.
electrode and secondary electrons from the samfienul- In ferroelectric cathodes, electrons are emitted from a
taneously with the surface plasma formation, production ofurface flashover plasma caused by an electric-field stress of
neutrals also occurs. Based on the velocity of the neutralghe order of tens of kV/cm applied to the ceramic on a nano-
the thickness of the neutral layer should be about 1-2 mm aecond time scale. This electric-field level is lower than
the time of the appearance of the HF modulation. At thisneeded for field-emission cathodes and is comparable to that
time an increase in the light intensity was observed from af carbon-fiber cathod€8* Current densities up to 100
region about 2 mm thick near the front electrode. This in-A/cm? have been produced by ferroelectric cathodes. Ferro-
crease in the light intensity can be explained by additionaklectric cathodes were proposed as electron-beam sources for
plasma formation. Approximately at the same instant of adfree-electron em-wave generatSrs’ In the present oscilla-
ditional plasma formation, the potential of the front electrodetor experiment, a ferroelectric cathode was employed in a
changes its polarity from negative to positive. This meansyclotron resonance mas@€€RM) scheme. This device, op-
that at least part of the electrons emitted from the front elecerating in a gyrotron mod&? near cutoff, tolerates the elec-
trode are captured inside the potential well, which has beetron energy spread and is characterized by its high gain.
formed by the positively charged plasma. In some sense, the Ferroelectric cathodes can be used in low repetition-rate
formation of this plasma may play the role of a closing or single-shot compact CRMs. They can be easily fabricated
switch. If the duration of this perturbation is less than thein various shapes for producing specified cross-sectional pro-
time of the electromagnetite/m) wave propagation along files of the electron beams, including large two-dimensional
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electron-beam arrays for multibeam devices proposedelated to the antiferroelectric or the relaxor phased con-

recently?®® ventional electrical polarization of the dielecttfor samples
related to the paraelectric phase or any other phasew-
ever, calculations of field distribution showed that the normal

CONCLUSIONS component induces the field-enforced effects under the pat-

In this review we have described the main experimentafeMed electrode and near the electrode edges due to fringing
and theoretical results on electron emission from ferroelecfields. The tangential component of the applied field exists
tric materials published during the last 25 years by variou®" the uncoated emitting zone of the surface and it may
research groups all over the world. We derived two differenCause a surface flashover by avalanching emitting electrons
types of the observed electron emission, demonstrating marf/ong the surface.
orders of magnitude difference in electron currents from the  (2) Ferroelectric materials used for strong electron emis-
same ferroelectric materials. We believe that the review alSion generation are related to different phase states namely:
lows one to better understand the origin of both effects. Aferroelectric, antiferroelectric, relaxor, and paraelectric.
proper understanding is also a key problem in the deve|opAnaIysis of published data showed that high current density

ment of a new generation of diverse devices based on th@Mmission is induced by applying trigger voltage pulses of any
phenomena. polarity. Regardless of the phase state and the mode of ex-

The first type of ferroelectric emission is an electron Citation, the measured emission current densities demon-
emission provoked by pyroelectric, piezoelectric effects, ostrated nearly equal values. This allowed one to propose a
spontaneous polarization inversion. In these cases, variatiddasma as the source of electrons for strong emission. Plasma
of temperaturepyroelectric effedt application of mechani- formation has been proved experimentally by measurements
cal stresgpiezoelectric effedt or spontaneous polarization Of plasma density and electron temperature, by temporally
inversion (polarization switching causes a deviation of and spatially resolved observations of ion emission, by fast
spontaneous polarization from its equilibrium state and genframing photos, and by measurements of the energy spectra
eration of uncompensated electrostatic charges and fields & emitted electrons and parameters of an electron diode with
a ferroelectric polar surface. This type of electron emission i€ ferroelectric cathode. Plasma formation can explain the
observed in the ferroelectric phase only. The emerging elecabove-mentioned difference in electron currents between the
tron emission occurs from a negatively charged ferroelectrigveak and strong electron emission.
surface uncoated by any electrode. This electron emission (3) Two different modes of the surface flashover plasma
provides a screening electron current into the vacuum similageneration followed by strong electron emission were ob-
to a conventional conductive current of pyroelectric, piezo-served. The first mode of plasma ignition occurs by weak
electric, or polarization inversion origin occurring via uni- electron emission induced by polarization inversion, or by a
formly deposited electrodes. This electron emission currenfield-enforced phase transition near the edges of the pat-
appears as a result of tunneling emission, and it does nderned electrode due to the normal component of the applied
exceed 107 A/cm?. It demonstrates a pronounced size effectfield. These processes lead to the appearance of a noncom-
that makes it highly problematic that electron emission carpensated surface charge of ferroelectric origin with corre-
be generated from ferroelectric thin films. The studies undersponding strong normal and tangential electric field compo-
taken by use of the electron visualization technique allowedhents. The normal component of the electric field is
visualization of both static domain configurations and theirresponsible for weak electron field emission, followed by a
dynamic behavior. We think that the ferroelectric origin of surface electron avalanche due to the tangential component
weak electron emission is commonly accepted. of the electric field. This mode of plasma excitation induced

Strong electron emission is quite different. The currentby field-enforced effects occurs only in specific phase states
density exceeds the weak emission by 9-12 orders of magdferroelectric, antiferroelectric, or relayoand upon a defi-
nitude. We firmly believe that another physical mechanism isiite direction of the applied fielda bipolar triggering field
responsible for high density emission currents reaching 10€r polarization inversion in the ferroelectric phase, or a mo-
Alcm?. Thorough analysis of numerous published data renopolar field for ceramic compositions related to the antifer-
sulted in the recognition of the following basic features ofroelectric or relaxor statgslt is very important to emphasize
strong emission. that the delay time of plasma generation followed by strong

(1) Strong emission is induced by quite a different ex-emission depends on the velocity of the forward growth of
perimental setup than for weak emission. The excitation othe ferroelectric domains inside the ferroelectric sample bulk
this emission occurs by using a patterned electrode depositedt phase switching timeantiferroelectric, relaxor phase-
on a ferroelectric surface. As a result, the ferroelectric surferroelectric phase This velocity cannot exceed the velocity
face is divided into two zones: the first coated by an elecof sound in the material. This characteristic time for a ce-
trode (strips or grid and the second uncoated the electroderamic sample 1 mm thick is in a microsecond time scale. The
electron emitting zone. A trigger voltagligh pulsed volt- threshold trigger fieldnormal componentn this case is the
age stress is normally usegives rise to two components of coercive field needed for polarization inversion in the ferro-
the field: normal and tangential. The normal component maglectric material used, or the field causing the phase transi-
lead to diverse field-induced effects: reversing the spontandion from the antiferroelectri¢relaxop phase to the ferro-
ous polarization directiortfor samples related to the ferro- electric state possessing macroscopic polarization. It has
electric phasg field-enforced phase transitioff®r samples been shown that it may be very lo.g., for ferroelectric
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