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Abstract. Electron emission from antiferroelectric (Pbg.99Nbg 02)[(Zr( 80S10.20)0.952 Ti0.048]0.9803 cathode has
been investigated. The PZST cathode can maintain a metastable ferroelectric phase by the application of a high-
enough field, thus implying three possibly pulse-loading configurations for electron emission measurements. The
fact that emission charge is larger than the non-compensated charge indicates that the surface plasma contributes
to the total emission charge. Furthermore, x; (i = A, B, C), characterising the contribution of surface plasma to
the total emission charge, was defined. It was found that the emission charge increases almost linearly with ;.
Our results are of great importance for a better understanding of electron emission in antiferroelectric/ferroelectric

cathodes.
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1. Introduction

Since weak electron emission from ferroelectrics (FEs)
was first reported by Miller and Savage [1] more than
50 years ago and the strong electron emission from
FEs was first observed by Gundel et al [2] in 1989, FE
cathodes have attracted much attention in the scientific
community. FE cathodes, being unconventional type of
cathodes, have several advantages over the conventional
ones, such as instant turn-on capabilities, high emission
current density (e.g. the theoretical value could be up to
10° A/cm?) and so on [3-12].

However, the mechanism of electron emission from
ferroelectric (FE)/antiferroelectric (AFE) materials is
still unclear. Considering the potential applications of
FE cathodes, an in-depth understanding of the origin of
the total emission charges is particularly warranted at the
current stage of research. Gundel et al [2,3] and Huang
et al [13] had attributed the origin of electron emis-
sion to the change in spontaneous polarisation during
electric pulse. However, Einat ef al [11] and Rosenman
et al [6,8] argued that the non-compensated charges
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on the bare FE surface induced the initially emitted
electrons, which further promoted the formation of sur-
face plasma. They believed that the reported emission
charges were mainly from the surface plasma rather than
the switched uncompensated polarisation bound charges
[11,14,15]. Mesyats [12] and Puchkarev and Mesyats
[16] considered the electron emission as a phenomenon
of surface discharge from the metal-ceramics—vacuum
‘triple-point junction’. Additionally, Chirko et al [9,10]
and Shannon et al [17] found that the source of intense
emission was indeed the plasma formed on the surface
of FE ceramics.

Therefore, although FE electron emission has been
studied for many years, the effect of surface plasma on
the total emission charge has not yet been completely
elucidated. In the present work, electron emission from
a special cathode (Pbg99Nbo 02)[(Zr.g0Sn0.20)0.952
Tio.048]0.9803 (PZST80/20/4.8) has been studied in
detail. Through the investigation of emission mecha-
nism from the cathode under different pulse-loading
configurations, we are able to extract the contribution
of surface plasma from the total emission charge.
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2. Experimental method

Polycrystalline ceramics PZST with the stoichiomet-
ric formula of  (Pbgg9Nbo.02)[(Zrg 80Sn0.20)0.952
Tio.048]0.9803 was prepared by the conventional solid-
state reaction process. To prevent lead loss during the
preparation, an excess 2 wt% PbzO4 was added. The
mixed powders were ball milled with ZrO, balls for
24 h and the dried slurry was calcined at 850°C for 2 h.
The dry-pressed samples were then sintered at 1300°C
for 3 h in a lead-rich atmosphere to minimise the loss
of lead due to volatilisation. In order to measure the
electron emission, 0.5 mm PZST ceramic pellets were
electroded with a full electrode on one side and a grid
pattern on the opposite side, which is described else-
where [18].

The crystal structure of the sintered samples was
determined by X-ray diffraction (X’ Pert PRO) with
CuK,, radiation. The hysteresis loops (P—E loops) of the
PZST ceramics were determined with a sine waveform
of 1 Hz in a silicon oil bath at room temperature (25°C)
by using a Sawyer—Tower circuit (TF analyser 2000).
The home-designed set-up for measuring the electron
emission from PZST cathodes is shown in figure 1 and
the detailed description is given elsewhere [18]. Note
that our electron emission experiment is entirely dif-
ferent from the charge—discharge properties of ceramic
capacitors.
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Figure 1. Experimental set-up for measuring electron
emission from PZST cathodes.
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Figure 2. X-ray diffraction pattern of virgin PZST80/20/4.8
sample in the 26 range of 15°-70°.

3. Experimental results and discussion

First of all, as shown in figure 2, the X-ray diffrac-
tion pattern of the virgin sample shows that virgin
PZST80/20/4.8 possesses a pure tetragonal struc-
ture, i.e. the initial phase of PZST80/20/4.8 is AFE
phase. Figure 3 shows the first-cycle P—E loop of the
PZST80/20/4.8 ceramics at room temperature, which
indicates that the virgin phase of the PZST ceramic is
AFE, not FE (see O-A, figure 3). When the loading
field is larger than the critical field Earg—pg, the ini-
tial AFE phase can be transformed into FE phase (see
A-B, figure 3) and maintains FE even though the elec-
tric field is removed (see C-D, figure 3). Therefore,
this special composition which is neither AFE nor tra-
ditional FE, is called metastable FE (see figure 3, for
more details, please refer to [19-21]). In the metastable
FE phase, the crucial field Earg—pg can be determined
to be 37 kV/cm and its key parameters are shown as
follows: the saturated polarisation P = 38.3 uC/cm?,
the remnant polarisation P, = 33.3 «C/cm? and the
coercive electric field E. = 10.3 kV/cm (see figure 3).
Note that E is smaller than E A _fg, Which is one of the
most significant features of the metastable FE ceramics
[19,20]. In the past, it was found that the field-induced
FE PZST90/10/4 ceramics could be depolarised into an
AFE phase under a shock wave or quasistatic pressure,
and therefore could be used in pulse power technology
[22,23]. PZST80/20/4.8 ceramics, whose properties
are similar to those of PZST90/10/4, therefore could
also find potential applications in shock-activated power
devices.

Because of its idiosyncratic phase transition, only
one PZST80/20/4.8 cathode can be triggered by three
pulse-loading configurations. As shown in figure 4,
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configuration A is the one in which PZST80,/20/4.8
is in a stable AFE phase (the original phase) under
a positive pulse. Configuration B is the one in which
PZST80/20/4.8 is in a metastable FE phase after the
application of a high-enough electric field. For configu-
ration B, the orientation of the induced FE polarisation
and that of the positive triggering pulse point to the same
direction, and therefore there is no or less polarisation
switching. Configuration C is the same as configuration
B except that the orientation of the induced FE polarisa-
tion and that of the positive pulse point to the opposite
directions. Apparently, polarisation switching induced
in configuration C is much more intensive than that in
configuration B.

Figure 5 shows the typical emission -current
waveforms of the PZST80/20/4.8 cathodes upon the
application of a positive triggering pulse of 40 kV/cm
in magnitude under configuration A (figure 5a),
configuration B (figure 5b) and configuration C (fig-
ure 5c). Firstly, our investigation published elsewhere
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Figure 3. First-cycle P-E hysteresis loops of the virgin

PZST80/20/4.8 ceramics at room temperature and the corre-
sponding status.
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has shown that the electric field at the metal-ceramics—
vacuum triple-point can be roughly estimated to be
E =& x U/8, where g, U and ¢ are the high-field rela-
tive permittivity (not dielectric constant of the ceramic),
the triggering voltage and the thickness of the cathode,
respectively [6,16,18]. For the value of high-field rel-
ative permittivity, it is demonstrated that configuration
C possesses the highest value and configuration A, the
smallest value [18]. A configuration with lower value
could be charged quickly, causing the rising edge of
the triggering-field waveform to be steeper. In contrast,
configuration C with the highest high-field relative per-
mittivity leads to its triggering-field curve increasing
gently, not letting the curve to be a perfect square. Sec-
ondly, due to surface flashover, one can see a sharp spike
in every triggering-field curve. Surface flashover will
start immediately at the triple-point junction when the
cathode is triggered and the horizontal component of
the electric field at the grid electrode may suppress the
formation of flashover discharge, which ensures that the
actual field seen at the cathode is our preset value [4,24].

About configuration A, the triggering field of
40 kV/cm is high enough to induce a very rapid
macroscopic polarisation at the triple-point junction,
leading to the appearance of non-compensated charges
near this region [18,24]. Moreover, we expect that
non-compensated charges existing in the triple-point
junction can result in a strong electrostatic field at the
surface of the cathode, which further induces local field
emission and produces primary emission electrons for
the formation of surface plasma. After that, the emis-
sion electrons induced by non-compensated charges and
those from the surface plasma give rise to the formation
of the emission peak, as shown in figure Sa.

For configurations B and C, the cathode is in a
field-induced metastable FE phase, which can result in
a fast nanosecond polarisation reversal at the falling
edge of the triggering pulse [8]. Therefore, both non-
compensated electrons and plasma electrons are pulled
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Figure 4. Schematic diagram of three different pulse-loading configurations.
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Figure 5. Emission current waveforms induced by applying
a positive triggering pulse of 40 kV/cm in magnitude to the
rear electrode of the PZST80/20/4.8 cathode under (a) con-
figuration A, (b) configuration B and (¢) configuration C.

out from the grid electrode, leading to the formation
of electron emission peaks appearing at the end of the
triggering pulse (see figures 5b and 5c). Furthermore,
as shown in figures 5b and Sc, the delay time (the
time between the emission current peak and the start
of the triggering pulse) of 1361 ns in configuration C
is smaller than that in configuration B (1426 ns). This
may be due to the fact that in configuration C the positive
pulse and the spontaneous polarisation point to different
directions, which can lead to a large-scale polarisation
switching, and consequently more non-compensated
charges. And then, more non-compensated charges in
configuration C make the electron emission to occur
faster than that in configuration B. In conclusion,
because of the local field emission in configuration A, its
emission current peak locates at the platform area of trig-
gering pulse, and polarisation reversal makes emission
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current peaks of the other two configurations to appear
at the end of the triggering field. Our results and conclu-
sions shown are the same as those previously reported
by other researchers [8,15,25].

The total emission charge, the integral of the emission
current waveform over time (see figure 5), is very impor-
tant for understanding the performance of FE cathodes
(which require larger emission charges) and insulators
(which require lower emission charges to avoid surface
flash-over) [26,27]. From figures 5a—5c, the emission
charge of each configuration can be obtained: the emis-
sion charge of configuration A is 1.181 x 107> C, that
of configuration B is 1.353 x 107> C and that of config-
uration C is 1.128 x 107> C. That is, the total emission
charges of three configurations are different though
PZST80/20/4.8 with the same composition was tested
under the same triggering pulse.

The non-compensated charge Oy, can be written as

On=AP; - S, ()

where AP; (i = A, B,C) is the variation in polar-
isation during the triggering field in three different
configurations and § is the effective emission area of
the cathode. The effective emission area of FE cath-
odes is considered to be the area of the bare FE surface
with the grid patterned electrode [8,16]. With respect to
AP; (i = A, B, C), the variation in polarisation induced
by unipolar field is P for configuration A, P; — P; for
configuration B and Ps 4 P; for configuration C. On the
other hand, the triggering field of the triple-point region
is much larger than Eapg_pg and/or E., the domains
at these special regions are prone to reversal during the
pulse. Thus, AP; (i = A, B, C) during the electric pulse
can be regarded as

APp =na - Ps,
APg =np - (Ps— P),
APc =nc-(Ps+ P), ()

where n; (i = A, B, C) represents the ratio of the
reversed domains to the total domains in each config-
uration. The triggering field is weak and short, which
could not induce all the polarisation reversal of our cath-
ode, the electric field in the triple-point junction is high
enough for polarisation reversal at this special region.
Thatistosay,0 < n; (i = A, B, C) < 1. Moreover, it is
obvious that the grid electrode (i.e. the triple-point junc-
tion) at any configuration is uniform, which can lead to
na = nB = nc during the nanosecond pulse.

By comparison, it was found that the total emission
charge is larger than non-compensated charges for all the
configurations, which indicates that the emission charge
is not determined by the non-compensated charge only.
It is well known that emission electrons come from two
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sources: (i) non-compensated charges (the amount is
determined by polarisation switching) and (ii) surface
plasma. It is obvious that priming electron (electron
that is first emitted from the cathode) and a tangential
electric field can move intense plasma along the dielec-
tric surface, thus the plasma density has no relationship
with different pulse-loading configuration mentioned
above. In order to evaluate the contribution of surface
plasma to the total emission charge, a new parameter
xi (i = A, B, C), the ratio of the emission charge orig-
inated from the surface plasma to the total emission
charge, is defined. Lower x; means that electron emis-
sion is primarily dependent on the non-compensated
charge induced by polarisation switching, while higher
xi indicates that emission charges are mainly from the
surface plasma to the cathode surface.

This new parameter x; (i = A,B,C) can be
expressed as

:QA—Qn:QA—APA-S
A Oa Oa
na - P+ S
—p_dA st 3
O 3)
X =QB—Qn= Op—APg-S§
B OB OB
:1_77B'(1)S_P1‘)'S, @
OB
XC:QC_Qn= Oc—APc-§
Oc Oc
:1_77C'(P5+Pr)'s' 5)
Oc

Through the discussion above, we can suppose na =
ng = nc = 1 so that the analysis is easier. Hence, xpo =
0.514, xg = 0.946 and xc = 0.048 can be obtained
through eqs (3)—(5). In the same manner, xyo = 0.62,
xg = 0.96 and yc = 0.23 can be obtained for the
PZST90/10/4 cathode [18].

Figure 6 shows the total emission charge Q; (i =
A, B, C) as a function of x; (i = A, B, C) for both
PZST80/20/4.8 and PZST90/10/4 cathodes. First of
all, one can see that for PZST80/20/4.8 or PZST90/
10/4, xp is the largest, xc is the smallest and xa
sits somewhere in the middle. In configuration A, the
AFE-FE phase transition of the PZST cathode produces
non-compensated charges for electron emission. Never-
theless, xa > 0.5 indicates that the surface plasma is
still the primary source of emission charges in configu-
ration A. In configuration B, however, as the triggering
pulse is of the same direction as that of the original
polarisation, it only induced very weak polarisation
switching, making the surface plasma to be almost
the only source of emission charges. Therefore, in
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Figure 6. Total emission charge Q; (i = A,B,C) as a
function of x; (i = A, B, C) for the PZST80/20/4.8 and
PZST90/10/4 cathodes.

configuration B, xp is approximately 1. In configuration
C, the origin of emission charges is mainly from
the non-compensated charges induced by large-scale
FE polarisation reversal, and this results in the
smallest x;.

Then, the results in figure 6 have been fitted using
straight lines. Clearly, one sees that the total emission
charge increases almost linearly by increasing x;. That
is to say, the higher y;, the larger the emission charge
will be. The role of surface plasma can be consider-
ably enhanced by minimising the degree of polarisation
switching. The observations in this work are useful for
finding a way to enhance the total emission charges and
may provide deep insight into the origin of electron
emission in FE/AFE cathodes. Our findings, therefore,
are of great importance for designing FE cathodes with
superior properties.

4. Conclusion

In summary, strong electron emission was suc-
cessfully obtained with PZST80/20/4.8 ceramics under
three pulse-loading configurations. For each configu-
ration, both polarisation switching and surface plasma
contribute to the total emission charges. A new param-
eter x; (i = A, B, C) characterising the contribution
of surface plasma to emission charges is defined. It
is found that the contribution of surface plasma to
electron emission could be significantly enhanced by
increasing y;, which further gives rise to more emis-
sion charges (see figure 6). Our results emphasise the
importantrole the surface plasma plays in electron emis-
sion, and are of great importance for obtaining a better
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understanding of the mechanism of electron emission in
FE/AFE cathodes.
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