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Abstract

Anion and electron emissions fromp®3-stabilized ZrQ (YSZ) electrolyte were investigated by time of flight (TOF) spectroscopy. The
atomic oxygen radical anion (Q is the only anion species emitted from the YSZ surface. The emission branch ratio betweernl O
electrons is close to one. The Arrehenius plots for botta@d electron emission, derived from the temperature dependences, exhibit double
linear behavior. The apparent activation energies in the low-temperature reg0€C) are significantly higher than those in the high-
temperature region( 620 °C). It was also found that the extraction field can enhance thermission. The maximum emission current
density for O is 3.5 n&/cn? in our investigated range. The observed &hd electron emissions are attributed to the dissociation of the
intermediate anions, 4, present on the YSZ anode surface. The rate-determining step fortam@sion is believed to be the desorption
process in the low-temperature region, and the electron desorption or the electrochemical reaction in the high-temperature region.

0 2003 Elsevier Science (USA). All rights reserved.

1. Introduction are only a few methods for producing negative ions, such
as discharge, electron detachment, and ion bombardment.
In recent years, negative ion implantation has been These methods are far inferior from the viewpoint of energy
utilized as a new means of surface modification becauseefficiency and selectivity for producing a specific negative
the features of negative ions have been revealed to beion.
very different from those of positive ions [1-6]. Due to A new approach to extracting atomic oxygen radical
negative charge polarity and the low energy of electron anions has been reported by our research group [9,10].
affinity, implantation and deposition using negative ion It was found that O emission to the gas phase can be
beams is more favorable to neutralization in comparison achieved by simply applying an electronic field between
with that using positive ion beams. In the case of negative the Y,Ogz-stabilized ZrQ (YSZ) anode and the space
ion implantation in large integrated chips, a technology electrode and supplying oxygen and electrons opposite to
for fabricating gate insulators without any damage has the emission surface. We also found that highly energy-
been achieved due to lack of surface charge-up during efficient production of © can be further improved using a
the operation [1-3]. When negative ions are used for ion microstructure design, where the input power is decreased
beam disposition, ceramic films with high density can be ijthout changing the Oemission intensity [23]. Although
prepared [4]. On the other hand, the atomic oxygen radical e have studied the Cemission from the YSZ electrolyte,
anion (O) is one of the key chemical species in combustion many features and the emission mechanism remain to be
and the oxidation of biochemical materials due to its high (eyealed. In the present work, we present quantitative studies
oxidativity [7,8]. In spite of various potential applications f the O and electron emissions using our new developed
of negative ions in materials science and chemistry, there ;.o of flight system. The emission behavior, including
the emission branch ratio betweerr @nd electrons, the
~* Corresponding author. absolute emission current density, the temperature, and the
E-mail address: torimoto.yoshifumi@kao.co.jp (Y. Torimoto). extraction field effects have been studied. Based on various
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Fig. 1. Schematic diagram of the experimental apparatus, which mainly consists of two sections: a sample chamber and an ion-detection chaintrer mounte
a time of flight (TOF) mass spectrometer for measuring the emitted anions and electrons from the treated YSZ electrolyte surface.

investigations, the mechanism for the- @Qnd electron 0% [12-14]. The formed &, then, transfers through the
emission from the YSZ anode will be addressed. YSZ solid electrolyte into the emission surface (in the
vacuum) by field-enhanced thermal diffusion. The anions
and electrons emitted from the surface were extracted by
2. Experimental an extraction electrode which is mounted in the opposite
of the emission surface with a changeable distance from
In this study, a commercially used cylindrical YSZ 1 to 5 cm. The extraction field strength was determined
specimen (Nikkato Corp.) with outer diameter 17 mm, py the applied potential on the emission surface and the
thickness 3 mm, and length 600 mm was used. A thin and gistance between the emission surface and the extraction
uniform golden film with a length of 10 mm, was made on  glectrode. The anionic collection electrode was collected to a
the outside surface of the YSZ tube center, which was usedpicoammeter for total emission current measurement. In the
as an anionic emission §urface. The inside wall ofth'e tubular senter of the collection plate, there was a 0.2-mm pinhole,
YSZ was also coated with Au paste. Then the specimen wasy, hich allows simultaneous analysis by a TOF spectrometer.
dried at 500°C for 1 h and calcined at 80C. In order to The emitted anions and electrons were analyzed by the
eliminate impurities on the emission §urfage, thg specimen 14 spectrometer, which was pumped by another turbo-
was treated aT[ 8Q€C for 8 h under rovylng dried air. . molecular pump system. The TOF spectrometer, which has
A schematic diagram of the experimental setup is shown flight length 0.9 m, was mounted on two multichannel plates
in Fig. 1. The experimental apparatus mainly consists of two '9 gin®.9m, . L pla
sections: a sample chamber and an ion-detection chambeFMCP) and operateq in the pulsed negative 'on detection
with a time of flight (TOF) mass spectrometer, which are mode... The output signal of the MCP was ampllf!ed by an
amplifier (100 times), recorded by a digital oscilloscope,

pumped by two turbo molecular pumps (typical vacuum ) X
~ 1.3x 10-3 Pa). The treated YSZ specimen was installed in and finally acquired by a computer-controlled counter sys-

the sample chamber with a diameter of 0.4 m The emission €M The collection efficiency was calibrated by changing
surface, located in the center of the sample chamber, wasthe length of TOF and t.he size of the sampling pinhole (nor-
opposite to the ion detector and heated radiatively by an Fe-mally, we adopted a pinhole of 0.2 mm for the TOF mea-
Cr alloy filament. The heater was quartz-sealed in order to Surements). In order to check the possible contribution to
avoid any electron emission from it. The surface temperaturethe O signal arising from surface or gas phase reactions
was measured by a JNi/Cr thermocouple. In order to  in the sample chamber, we have investigated thep@s-
continuously inject the & into the YSZ electrolyte, we  sure dependences of the anion emission. The results show
supplied the electron and oxygen on the inside surfacethat the intensity of Ois nearly constant in the {pressure

of the YSZ tube, where the © was generated by the range between 18 and 102 Pa. More important, no prod-
electrocatalytic reaction of £Xo 0%, i.e., 205(g) + 2¢~ — ucts were observed in the TOF spectra. Thus it is believed
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Fig. 2. Typical TOF mass spectrum of negative ions emitted from the YSZ . o
surface at 580C and 500 VVcm. temperature. In order to derive the apparent activation

energy for the O emission, the temperature dependences

that the reactions of the gas phase and surface can be negli2’® also plotted by Arrehenius type, i.e./ln- 1/T. As
gible under our experimental conditions. shown in Fig. 5, our results indicate that the Arrehenius
plot cannot be described by a straight line. Alternatively,
it is more suitably described by double lines in the high-
temperature region> 620 °C) and the low-temperature
region (< 620 °C), respectively. Therefore, we obtained

Before the YSZ electrolyte was heated, the sample WO apparent activation energies, expressedHy and
chamber was pumped to10°3 Pa so that the gas phase EHT, for the low-temperature region (450-62€) and
reaction was negligible. The leak current has been carefullythe high temperature region (620-730). The data are
checked; it was also negligible under our experimental Summarized in Table 1. The apparent activation energies
conditions. No ions were observed at room temperature.in the low-temperature region are obviously higher than
For surface temperatures over 4%0, anion and electron  those in the high-temperature region. This phenomenon may

emissions can be detected both by the picoampere meter anéndicate that the anion emission is a series process (i.e.,
the TOF spectrometer. multistep process), as will be discussed in detail in next

The anionic species emitted from the treated YSZ elec- S€ction. Similar temperature behavior is also observed for

trolyte surface were investigated by time of flight mass spec- éléctron emission from the YSZ anode surface (see Fig. 6).
trometer. As shown in Fig. 2, only two peaks have been ob- Furthe_rmore, it was found that the ‘apparent activation

served in all TOF mass spectra. One peak, located at theenergies can be reduced by the extraction field (see Table 1).
mass number of 16, corresponds to the @ions emit- The emission intensities of the"@nd electrons are also

ted from the surface. Another peak, corresponding to flight Sensitive to the applied extraction field. Typical field depen-
times close to zero, is the emitted electron. dences of the Oand electron are presented in Figs. 7 and 8
At surface temperatures lower than 4900, no anionic at a given temperature of 65€. When the field is less than
emission was observed within our experimental sensitivity. 150 V/cm, the emission is very weak and negligible. When
Both O~ and electron emission gradually increase with the extraction field is mpreased, the emission intensity pro-
increasing surface temperatures over 480 Fig. 3 and gressively increases with the field over a certain threshold.
4 clearly show that both the Oand electrons emitted 't should be pointed out that the field behavior could not be

3. Resultsand discussion
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Fig. 5. Arrhenius plot for emitted Oat 500 V/cm. It exhibits double-line
Fig. 3. Temperature dependence of the énission at a given extraction behavior and has larger apparent activation energy in the low-temperature
field of 500 V/cm. region (450-620C).
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Table 1
Activation energies of Oande™ measured at different extraction fields S 6000 °
Viem  Ex(9) Ent(0) Eir(e) EnT(e) = oool °
300 263.9 89.1 214.3 198 é PY LA
400 208.9 771 220.5 128 H 5000 F ]
500 2171 85.5 2254 a ®
600 212.0 63.2 202.3 = 0@ L : : ;
700 201.3 79.5 198.2 o 0 200 400 600 800 1000
800 203.9 58.7 184.1 62 V/cm

LT and HT stand for the apparent activation energies measured in the low- o )
temperature region (450-62@) and the high-temperature region (620— Fig. 7. Extraction field dependence of Gat a given temperature of 63€.
750°C), respectively. The unit of the activation energy igrkal.

though the anion & can exist in the bulk of the YSZ elec-
ter, because the space emission current, detected even at @olyte, no evidence of & was found in the gas phase ac-
close distance of 1 cm from the emission surface, exhibits cording to our investigation. This implies that the transient
similar field effects (see Fig. 9). As explained below, the ob- 02~ is very unstable on the electrode surface. As for func-
served O and electron emission originate from the dissocia- tions of the Au anode on YSZ relating to the dissociative ad-
tion of the intermediate anion?, which occurs on the YSZ sorption of oxygen, no effects were observed in the paper [9]
anode emission surface. Thé Qtoverage on the emission  reported by the authors. Therefore, the following mechanism
surface is increased by the applied external field because thés considered to explain the observed electron aneis-
migration of the G~ from the bulk into the emission surface  sion. The anions of & form initially by the electrocatalytic
should be enhanced. On the other hand, the applied field mayreaction%og(g) +2¢~ — 0O%7(s), by the supplied oxygen
reduce the surface barrier height because, to leave the surand electrons on the Au-coated YSZ electrolyte (the inside
face, anions must possess translation energy in excess of theurface of the YSZ tube) [12—14]. After théOanions mi-
potential which binds them to the surface. Our results indeed grates into the emission surface by electronic-field-enhanced
confirm that the apparent activation energy can be decreasedhermal diffusion, rapid dissociation of?Ointo O~ ande™
by the applied field. will occur on the emission surface. Finally, the dissociation

The absolute emission current density has been measuregroducts, O anions and electrons, will eject into vacuum

simultaneously by a picoampere meter. The results arethough the three phase boundary (Au-YSZ-vacuum bound-
shown in Figs. 9a and b. As mentioned above, the emissionary) or the Au surface. This series emission processes can be
current density shows temperature and field effects similar to expressed by
those measured by TOF mass spectroscopy. The maximum
emission current density is 7 & at 750°C and 1500  O2(g) + e~ — O~ (inside surface of YSZ electrolyte
V/cm in our investigated region. On the other hand, the —» 0% (bulk of YS2)
emission branch ratio of Qr, defined as the ratio of O

2_ . .
to total anions and electrons emitted, is about 0.5, and is — O (emission surface

independent of the temperature in our investigated range — O~ (emission surface
(Fig. 10). 3 o
. . L . . + e~ (emission surface

The various investigations mentioned lead us to consider - _
the emission mechanism of@Qnd electrons observed. It is — O~ (spacet +e~ (spacet .
well known that Y,Os-stabilized ZrQ (YSZ) electrolytes
possess high ionic conductivity for aniorf(11-20]. Al- 8000
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Fig. 6. Arrhenius plot for emitted electrons at 50Qcvh. The double line Fig. 8. Extraction field dependence of the emitted electrons at a given

behavior is also shown. temperature of 658C.
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Fig. 9. The absolute emission current density versus the extraction field at a

series of surface temperatures.

The above mechanism is also supported by the fact that
the emissions intensity of Ois close to that of electrons
from the YSZ surface, since bothr@nd electron emission
originate from the same process of Ginions dissociation.
We believe that only few electrons emit from the Au
electrolyte surface due to the large work function of emission
(5.1 eV, Ref. [24]). Hence, most of the electrons must be

emitted from the three-phase boundary.

Our results show that the apparent activation energies for
the O emission in the low-temperature regioa 620 °C)
are obviously larger than those in the high-temperature re-
gion. This may imply that the rate-determining steps for the
O~ emission are different at high and low temperatures. Un-
fortunately, the desorption activation energy of flbom the
Au surface is unknown so far. We note that the apparent
activation energy for O emission in the low-temperature
region is located in the range 204-251/#abl. The val-
ues are close to the binding energy of oxygen atom on the
Au surface (227-234 Kinol) [21,22]. Thus it seems that

This work has contributed to the study of the emission
features and mechanisms that govern é&nergence into
vacuum from the treated D3 stabilized ZrQ (YSZ)
electrolyte surface. We observed that the @nission is
strongly dependent both on the surface temperature and
the extraction field. The emission ratio between &nd
electrons is near one. The"@mission is considered to
originate from the dissociation of the transient anions ®f, 0
which form initially by an electrocatalytic reaction between
the supplied oxygen and electrons. After thé~Q@nions
transfer onto the emission surface of the YSZ electrolyte by
external-field-enhanced thermal diffusion, rapid dissociation
will take place, and finally desorb into vacuum as free
O~ (in the gas phase). In particular, the Arrehenius plots
show double line behavior, which exhibits higher apparent
activation energies at temperatures lower than about 620
This behavior indicates that the rate-determining steps are
different in the high- and low-temperature regions. The
O~ emission is controlled by the Odesorption process
from the Au surface in the low-temperature region, and by
electron desorption or the electrochemical reaction in the
high-temperature region.
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