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Role of specimen thickness on the electrical conductivity
of single crystalline alumina under electron irradiation
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The electrical conductivity of 125-, 332-, and 54Ba-thick single crystalline Kyocera alpha
alumina has been measured before, during, and after irradiation with 1 MeV electrons in an applied
electric field of 300 kV/m at temperatures up to 723 K. Simultaneous measurements of the bulk and
surface conductivity to a total fluence of &A0?2e/m? (9.4x 10 °dpa and 5.6 10° Gy) at 723 K

show no bulk and no surface degradation in the specimen, rather than only a sort of decrease of the
conductivity with total dpa. Strong thickness dependence of radiation induced condu@iNdyis

found and is believed to be due to the effect of electron charge deposition and the production of
charged point defects during irradiation. Finally it is suggested that the thickness dependent RIC of
the insulating materials must be considered carefully before designing the coating and window
materials of fusion reactors. @001 American Institute of Physics.
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I. INTRODUCTION Hodgson? has found the production of point defects during

S o . cause responsible for RIED. Therefore, further experiments
tor exposed to ionizing radiation increases to a higher valueclre needed to resolve this controversial phenomenon

thadt IS delpl)e;deg_t (t)'n dpsde ratéa bUtanIt.O.n ?écgr?_lﬁlat.ed dose Electrons passing through an insulator undergo frequent
and is called radiation induced conductiviggiC). €N elastic collisions which cause range straggling of the

crease tm .cclmc'iucfnw'ty may I|tm|t th|_e| ‘Zp%g;‘t'tons oftlndsulat- electrons® Seltzer and Bergét have calculated the trans-
INg materials in Tusion reactors. Hodgsolrst reported a - iqqi0n and distribution of electrons in many materials using

phenomenon, called radiation induced electrical degradati0f\1/Ionte Carlo simulation in order to understand the energy
(.RlED)’ in which a Union Carbide sapphire insulating ma_te'spectrum of straggling electrons. Zong and co-workers
rial was degraded permanently under 1.8 MeV electron irrap e investigated the mechanism of RIED in alumina with

diation in the presence of an electric field of 130 kV/m at 1 g MeV electrons at 773 K and concluded that the charge of
temperature of 7.23 K. The electrical c_ondu_ct|V|ty of the q(.a'electrons and holes that causes defect clusters during irradia-
graded Sa”.‘p'e .d".j not revert to the unirradiated Condl_m'v't)fion is responsible for RIED. Therefore, the behavior of the
}/vhen the wrfq dlatljork“v;%s'stop%ed. Lat(;,\r, he ‘."mg_ﬁ{] ;S COIfransmitted and deposited electron charge in the insulator
e;o?ges con |rm|e h n Sl“]', seqdu;?E[()experlm hi n may have a great influence on RIC and this influence may
3. tl Ioclm, _;sr?\llefsraMover g:oups qtl;]nf ¢ Itn sapp 'trﬁ Tg'correlate with the thicknesses of the samples during irradia-
|\/I|a\? IWIt ed F_’trho_onz_'li’vlz', I as dnﬁ'u(;on(sj;qm "~ tion. Due to the growing conflict about RIED with electrons,

i € de?r? rtor;zsliEaDn Wi 'Ot;] Ii( ffe Stanth Otﬁs men-f Zinkle®® recently proposed the necessity of determing the
lone a was a bulk eflect rather than a Suracqmplanted charge profile in electron irradiated specimens.

effect through observing microstructural changes in aluminr;\.h : S :
) " e purpose of this article is to clarify the effect of charge
under 1.8 MeV electron irradiation. On the other hand, RIEDdeposition of electrons and its contributions to the specimen

became controversial when other groups failed to find RIED ; -
. ; - ; . current during measurements of current—voltage\) in
in alumina with 1—2 MeV electrons, with 28 MeV Hdons 9 Ge\)

. X alumina of various thicknesses under electron irradiation.
and with fast neutron¥° Jung etal,’® Kesternich

et al,’”**and Kinoshiteet al****found RIED-like behavior

in alumina that was not a bulk effect, could be explained by”- EXPERIMENTAL PROCEDURE

surface contamination or internal fracture of the insulator. | thjs study single crystalline-Al 0, (aluming (Kyo-
cera SA 100 with 99.99% purity an¢l1102) orientation
3Electronic mail: matiar@su.rcast.u-tokyo.ac.jp specimens of 5.5 mm diameter and 125-, 332-, and o#h5-
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FIG. 1. Semilog electrical conductivity as a function of reciprocal tempera- (b)

ture for a 332um-thick Kyocera alumina specimen before and during irra-
diation with a 1 MeVelectron flux of 1.& 10'8e/n? s in an electric field of
300 kV/m and after irradiation of total fluence of k20?2 e/m? (9.2

X 10 °dpa, 5.0 10° Gy).

100 [

thicknesses were used and titanium was deposited in vacuum
to make the three-electrode system. Prior to irradiation, the
| -V and the temperature dependence of electrical conductiv-
ity were measured in a bell jar at 1HPa, from room tem-
perature(RT) to 723 K while increasing and decreasing the ) )
temperature at-3 K/min. The irradiation experiments were 100 50 0 50 100

carried out in a high voltage electron mlcrosc_d_WEM) Applied Potential [ V ]

under 1 MeV electron beam-on and -off conditions at tem-

peratures ranging from RT to 723 K. The pressure of theFIG. 2. -V relationships of 1250), 332 (), and 545(A) um-thick
HVEM was ~ 10~ ° Pa. Irradiation was done only to the cen- alumina with Ti electrodesa) before irradiation(b) during irradiation with

ter electrode of the specimen. Both bulk and surface conduc 1 MeV electron flux of 1.410"¥e/m?s at 723 K. The open and filled

. N L i . Symbols correspond to the voltage applied to the base and center electrodes,
tivity were measured under irradiation with an electric field espectively. Solid and dotted lines correspond to the increasing and de-
of 300 kV/m. More details of the experimental procedurecreasing applied voltage, respectively.

and a specimen holder used are illustrated elsewfere.

-100 1

Specimen Current [ pA ]
<

band. Depending on the transition of the slope of the curve,
the activation energy has been separately estimated, that
The mechanism of electrical conductivity of alumina be-from RT to 400 K being 0.14 eV and that above 530 K being
fore irradiation is realized to be essential in order to get mord.83 eV. Again, if the conductivity of the specimen is par-
insights into the irradiation behavior. Figure 1 shows thetially thermal process limited during irradiation, then the es-
electrical conductivity of a 332:#m-thick Kyocera alumina timated activation energy during irradiation is to be 0.09
specimen versus reciprocal temperature ranging from roont0.02 eV. This reduction of the activation energy during
temperature to 723 K before, during, and after irradiationirradiation seems to be due to the dominance of irradiation
with an electric field of 300 kV/m. The irradiation flux is beam on the thermal behavior. Similar reductierD.1 eV)
1.4x10%e/m?s (1.6x10 °dpa/s and 8.X10°Gy/s. The of the activation energy was found in undoped alumina by
conduction behavior of the specimen can be criticized irKlaffky et al® In fact, the conductivity slowly changes up to
terms of the activation energy which can be calculated fromrradiation temperature of about 500 K and then abruptly
the Nernest—Einstein equatiorn= A exp(—E/KT), wherea is  raises at the higher temperatures. The preirradiation resistiv-
the electrical conductivityS/m), T the temperaturgéK), A ity at RT (7.3x 10'°Q m) of this work is comparable to that
the constantE the activation energyeV), andk the Boltz-  of (10'°Q m) Teraiet al?” with the applied electric field of
mann constanteVV/K). The electrical conductivity increases 200 kV/m. Our study also has strong agreement with that of
with increasing temperature with different activation pro-the available data of similar grade of single crystal alumina
cesses. The estimated activation energy before irradiation upith respect to amplitude and overall activation behavior of
to 723 K is 0.4(:0.02 eV, represents thermal excitation of bulk conductivity.
electrons from the shallow trapping centers to the conduction  Figure 2a) shows the electric current in 125-, 332-, and

IIl. RESULTS AND DISCUSSION
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545-um-thick alumina as a function of applied voltage be- 104
fore irradiation at 723 K. Measurements were done after 30 s
(not given and after 5 min of applying each voltage to the
specimen. No substantial difference between the specimen
current measured after 30 s and 5 min was found. Non-ohmic
behavior is apparently clear. Nonsymmetric behavior-o¥
curves with respect to the polarity of applied voltage indi-
cates electrode-limited blocking effect. This usually happens
due to a difference in the work function between the elec-
trode material and the specimen, called the Schottky etfect.
A sample-thickness dependence of the specimen current is
not apparent before irradiation. THe-V curves of 125-,
332-, and 545um-thick alumina under 1 MeV electron irra- ) . .
diation with a flux of 1.4 10'%e/m?s (1.6x 10" ° dpa/s and 0 2.0 4.0 6.0 8.0
8.7>.< 1.04 Gy/s at 723 K are shown in F.ig.(B). Unlike unir- Electron Fluence [ x 1022 e/m? ]
radiationl -V measurements, the specimen current measured
here required~1 min at each step to reach a stable readingCIIG- 3. ileC_tricaTl_cclmducgvity OL 12@)3-332(%?& 5\4/15|(A) Mm;rhickf
e the application of lectc field. Even though asymmetn TS 4nd e wer reqiiora e e oo
exists between the positive and negative quadrant values, thé
differences between them reduces with irradiation. In the
positive quadrant, the specimen current for §48-thick  the specimens, other than only a decrease of both the con-
alumina is supralinear whereas for other specimens are sulguctivity with total dpa of 9.4 10" ° (5.0x 10° Gy), in con-
linear. On the other hand, the specimen current in the negarast to the abrupt increase in the surface conductivity at
tive quadrant for all specimens are sublinear. Comparing®.3x 10~ °dpa in our previous study where the RIED experi-
these two figures indicates that irradiation either changes ahent was 7.%10 °dpa3%'® Increases of RIC with in-
masks the blocking effect between the titanium electrode angreasing specimen thickness are found here. We also
specimen. Thickness dependent specimen current is apparejifecked for errors in the calculated conductivity which
here. The inconsistency of the 332n-thick specimen cur- might have been caused by surface conduction using Kester-
rent (less than the 12pm-thick specimen currenthere is  nichet al’s method’ and found no error in the bulk conduc-
due to the different irradiation historftime dependence at tivity. The postirradiation conductivity after this total dam-
every 50 °C stair stepped temperatures was done only in 332ge is less than the unirradiated conductivity. Farmral 18
mm-thick specimen The degree of non-ohmic behavior of have measured the fluence dependence of specimen and leak-
-V curves for alumina irradiated with neutrons at reactorage current of sapphire and MI cables, respectively, with
full power is quite different to that of this stud§ Analogous  reactor neutrons. No permanent degradation was measured.
I -V behavior in a 545:m-thick Kyocera alumina with and The electrical conductivity returned to the unirradiated value
without irradiation was previously fourld.In addition, the  with the reactor off after a fluence of 3x@0**n/n? (0.3
-V behavior in alumina during and after irradiation with dpa. They have also failed to observe the RIED in alumina
1.8 MeV electrons by Zongt al! is compatible with these with spallation neutrons irradiation in a dc electric field of 50
results. However, thé—V behavior in this study apparently kV/m at 673-873 K to fluences of 0.02 dpa but observed
indicate Schottky effect which behave differently with and decrease in the RIC during the irradiation in a course similar
without irradiation. to these result® Hodgsori concluded that concurrent ion-
After the first reporting of RIED by Hodgson, numerous ization and displacements are necessary for RIED based on
studies have been done at quite similar conditions to those sheasurements of conductivity in UC alumina irradiated with
Hodgson. In this study we irradiated alumina specimens witi.8 and 0.3 MeV electrons. The drawback of Ref. 3 is that
an applied electric field for a long time to observe RIED, andthe 1-mm-thick alumina used with 0.3 MeV electrons is far
followed IAEA recommendation* Figure 3 shows a com- beyond the projected range of the electrons at 0.3 MeV en-
parison of the fluence dependence of the bulk RIC for 125-ergy (range is about 0.2 mmZong and co-workef& have
332-, and 545.m-thick specimens wit a 1 MeV electron suggested that both ionization and displacements are not re-
flux of 1.4x10%e/m?s (1.6x 10 °dpa/s and 8.2 10 Gy/s  quired for RIED because of two independent mechanisms, of
in a dc electric field of 300 kV/m at 723 K. The correspond-which the former is electronic and the latter is nucleus re-
ing potentials for 125-, 332-, and 54&n-thick specimens lated. In addition, due to the lack of information in Hodg-
are 37.5, 100, and 163.5 V, respectively. Simultaneous meaon’s paper it is not clear whether his measurements were
surements of the bulkbetween base and center electrodes showing intrinsic or extrinsic behavior. On the other hand,
and surfacébetween center and guard electrodes, not showthe observed RIED-like abrupt increase of the surface con-
here conductivity were done. The RIC promptly increases toductivity of a 270um-thick alumina specimen irradiated
a higher value than that without irradiation by about threewith 1 MeV electrons with an applied electric field of 93
orders of magnitude due to electronic excitattdrEven  kV/m was compatible with the results of Kesternich
though the experimental conditions were similar to that ofet al,'”?* which showed a severe surface leakage current.
Hodgson, no bulk and surface degradation were observed ifihus, we conclude that the RIED observed by Hodgson is

Before irradiation After irradiation {

Electrical Conductivity [ S/m ]
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—r— Zong (850 wm-thick)
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—0— Terai et al. (500 pm-thick)

~—O— This work (Ti electrode, 332 pm-thick)

102 —-—M-- Shiiyama et al. (200 um-thick)
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103 L —— Farnum and Shikama (1 mm-thick)
1 MeV electron o

104 k at723K K 1.8 MeV electron . FIG. 4. Compilation of RIED mea-
— 723K /7773 SP”‘::‘;;‘O“‘C(““"“ surements on single crystal alumina
E 105 L o specimens irradiated at temperatures

oz ' ® post-irradiation A between 670 and 845 K. Dose rate of
> s 1 at723K Ao our work is 1.6<10 °dpa/s. No
s 10 : A ; threshold level of RIED is found up to
g 7 e ! A ! 0.3 dpa except in UV grade sapphire
S 1070 " it "x‘&*“’ i with 1.8 MeV electrons irradiation.
)
o 10 8L E :
g |
% 109 | ast 800K
(5] |
53 10-10L i
845K 10 MeV H* | post-irradiation
10-uf o a at 823 IZA 4 dataat 293 K
A"‘K & =t Abﬁé
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Accumulation Dose [ dpa ]

either due to surface contamination or a charge depositiogpallation neutrons at 670 K, but postirradiation measure-
effect. No contamination in this study influenced surfacements demonstrated that the increase in apparent conductiv-
RIC. The value of RIC in our previous study of 2Z0n- ity was due to surface leakage currents and/or gas ionization
thick alumina after a few seconds reach stability of the beaneffects! In fact, the postirradiation conductivity at room
current was 7.2 10 8 S/m whereas the respective values fortemperature in sapphire irradiated with spallation neutrons to
125-, 332-, and 54%#n-thick alumina are 5810 %, 9.7 a dose of ~10 %2dpa at 670 K was reduced to
x107%, and 4.5¢10°S/m, respectively, so the value of <10 °S/m3! Application of an electric field of 50 kV/m
RIC of 270.um-thick alumina is between the 125- and 332-for 240 h of a total 0f~0.03 dpa to a sapphire sample being
um-thick specimen®® It indicates that RIC is strongly de- irradiated at~620 K did not produce measurable RIED
pendent on the specimen thickness rather than either the apbove the existing RIC value of about X0 °S/m2*
plied electric field or the type of electrode materials providedRIED was not detected in a fission reactor experiment on
(the ionizing dose rate is the sam&his dependence of RIC sapphire performed at520 K to a damage level 0f0.3
will be discussed below. dpal® Apparent discrepancy in the amplitude of the conduc-
Figure 4 shows the compilation of RIED measurementdivity and in the total threshold dpa for RIED of sapphire
on single crystalline alumina irradiated with various irradia- suggests that there may be a factor affecting the RIED quan-
tion sources at temperatures ranging from 670 to 800 K. Feuitively which is not taken into account. This parameter is
studies have failed to observe RIED on sapphire irradiatetlkely to be the specimen thickness as previously sh(wee
with electrons, protons, and neutrdhs:>2%%0|n addition  Fig. 3).
we have performed a series of RIED experiments at 723 Kin  Figure 5 shows a comparison of the RIC in alumina
sapphire using Pt paste, Ti and Ti—Au electrodes and havleaving thicknesses of 125, 332, and 54% at 296, 470, and
never observed the significant level of RIED in 723 K at various electron fluxes. The RIC proportionately
sapphire®>!>®However, an apparent level of surface degra-increases with increasing irradiation flux and temperature. At
dation is found in Kyocera alumina under 1 MeV electron723 K, the RIC for 545«m-thick alumina is most sensitive
with an applied electric field of 93 kV/m at 725 K. In fact, to sample thickness than that at other temperatures. The elec-
the irradiation temperature and the applied electric field ardrical conductivity (o) of ceramic insulators during irradia-
in the range of those of Hodgson where he found RIED intion is expressed by the equation= oo+ kR°, whereoy is
UV-grade sapphire irradiated with 1.8 MeV electrons. De-the conductivity in the absence of radiatidn,a material
finitive levels of RIED have not been observed in the neutrordependent constarR the irradiation flux, and the irradia-
irradiated RIED studies on sapphfté®3'A RIED-like deg-  tion flux exponent? The temperature dependence of e
radation behavior was observed in sapphire irradiated witlvalues for all specimens during increasing beam intensity
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f: ) mentioned, there are many reports on the measurements of
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= current (that is, the current absorbed in the speciinean
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‘ . tween beam deposition current, conduction current, and
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was obtained from Fig. 5 and it is plotted in Fig. 6. The

Specimen Thickness [ x 104 m ]

expone_nt of Irradlat.lon ﬂ.ux. decreases with mcr_easmg S_;peCII_:IG. 7. Thickness dependence of RIC of aluminalwat 1 MeV eletron
men thickness and irradiation temperature within experimeng,y of 1.4x 10 e/m?s in an electric field of 300 kV/m &0) 296 K, (0)

tal error. The unexplained and exceptional value sofs

476 K, and(A) 723 K.
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electrical conductivity under electron irradiation indicate thatgested that the thickness dependent RIC of the insulating
a part of the electron beam current deposits in the samplasaterials must be considered carefully before designing the
producing the electronic excitation and charged point decoating and window materials of fusion reactors.
fects. The deposited current increases with increasing speci-
men thickness and affects the value of the specimen current.
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