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Abstract

The in situ measurement of electrical conductivity and of current±voltage (I±V) characteristics of single- and poly-

crystal alumina have been carried out both in HFIR (high ¯ux isotope reactor; Oak Ridge National Laboratory) at 723

K with or without neutron irradiation and in a High Voltage Electron Microscope (HVEM) from room temperature to

723 K with or without 1 MeV electron irradiation. Radiation induced conductivity (RIC) was observed for all speci-

mens under neutron and electron irradiation. The RIC under electron irradiation increased with increasing electron

¯ux. There was no catastrophic bulk or surface conductivity degradation under neutron and electron irradiation up to

>2 dpa and 9.1 ´ 10ÿ5 dpa, respectively. Non-ohmic I±V behavior was observed for all specimens with or without

neutron and electron irradiation. The I±V behavior with irradiation was similar to that without irradiation. The reason

for non-ohmic behavior is discussed on the basis of the di�erence of work function between electrode and specimen

materials. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Alumina is one of the leading candidates for insula-

tor and radiofrequency window/feedthrough applica-

tions in magnetic fusion reactors [1,2]. For insulator

applications it is necessary to understand the basic

electrical properties of alumina. Radiation induced

conductivity (RIC) and radiation induced electrical de-

gradation (RIED) of alumina under irradiation are two

of the critical issues for its application to fusion reactors.

Many results for RIC show that RIC is not severe for

insulators in International Thermal Reactor (ITER)

[3,4]. Although RIED studies have been performed by

many researchers, these studies used widely varying ir-

radiation conditions (electrons [5±8], ions [9±11] and

neutrons [12±14]) and di�erent grades of alumina.

Moreover, some researchers observed RIED and the

others did not. Thus the RIED phenomenon became

controversial [4,15]. The in situ measurements of several

kinds of alumina under identical irradiation conditions

are needed to resolve the controversial results on RIED.

The current±voltage (I±V) behavior is one of the

important basic electrical properties that can provide

insight into the phenomena responsible for ohmic or

non-ohmic behavior of semiconductors and insulators.

For example, the mechanism of electrical conductivity

may be obtained from an analysis of the I±V charac-

teristic behavior. Although many studies have been

performed on the electrical conductivity of alumina,

there are few reports of I±V measurement with or

without irradiation [14].

The objective of the present study is to investigate the

physical mechanisms responsible for the electrical con-

ductivity and I±V behavior of alumina by performing in

situ electrical measurements on alumina with or without

neutron and electron irradiation.
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2. Experimental procedure

2.1. Neutron irradiation

Twelve grades of single- and poly-crystal alumina

specimens were used in the neutron irradiation study.

The vendor and grade of specimens is shown in Table 1.

The size of all specimens was 8 mm in diameter and 0.75

mm in thick. A total of 15 specimens were irradiated at

723 K with or without electric ®eld of 200 kV/m in the

High Flux Isotope Reactor (HFIR) at Oak Ridge Na-

tional Laboratory (ORNL). The full power reactor

ionizing dose rate was 10±16 kGy/s and the average

displacement damage rate was �2.4±4.3 ´ 10ÿ7 dpa/s.

The guard and center electrodes were made of a titanium

(6 0.1 lm) underlayer and platinum (�1 lm) overlayer

by vapor deposition in vacuum. Each specimen was put

into a subcapsule and 15 subcapsules were inserted into

the irradiation capsule. The detailed subcapsule and

capsule design were described elsewhere [16]. In situ

measurement of electrical conductivity and I±V mea-

surements were performed by using a Keithley 237

Source Measure Unit and two Keithley 6517 electro-

meters. A mineral insulated (MI) coaxial cable was used

as the power lead, and a triaxial MI cable was used as

the data lead from the guard and center electrodes for

each subcapsule.

2.2. Electron irradiation

Single crystal alumina (Kyocera SA-100, 99.99%

purity) was used for the electron irradiation study. The

size of the specimen was 5.5 mm in diameter and 0.75

mm thick. The guard and center electrodes were made

from vapor-deposited titanium (<0.1 lm) and gold (�1

lm) layers. The specimen holder was speci®cally de-

signed for in situ measurement of electrical conductivity

in a high voltage electron microscope (HVEM), and I±V

measurements were performed at the temperature range

from 293 to 723 K with or without electron irradiation.

The details of the specimen holder were described pre-

viously [17]. Irradiation with 1 MeV electrons ¯ux of

1.5 ´ 1018 e/m2s (9.3 ´ 104 Gy/s and 1.7 ´ 10ÿ4 dpa/s)

was performed with an HVEM in the Research Labo-

ratory for High Voltage Electron Microscopy, Kyushu

University. A Hewlett Packard HP4339A high resistance

meter was used both to apply voltage to specimen and to

measure the specimen current.

3. Results

3.1. Neutron irradiation

Fig. 1 shows the irradiation time dependence of the

current in a Crystal Systems single crystal alumina

(Hemex) regular grade specimen. The irradiation of

2500 h corresponded to a dose of �2.2 dpa (displace-

ments per atom) for this specimen position in the HFIR

capsule. The current increased quickly after the reactor

start and reached a maximum value, then decreased

gradually. When the reactor stopped, the current de-

creased to the preirradiation value. Thus the increase of

current is considered to be RIC rather than RIED. It is

seen in Fig. 1 that there is no drastic increase of current

Table 1

Specimen list for the in situ measurement of electrical conductivity in HFIR

HFIR

position

Material, vendor and grade Applied

voltage (V)

Total dose RIED

1 Al2O3, single crystal, Crystal Systems (Hemex UV grade) a-axis 150 (0.07 dpa) a, (shorted coax)

2 Al2O3, single crystal, Crystal Systems (Hemex UV grade) c-axis 150 2 dpa, no RIED

3 Al2O3, single crystal, Crystal Systems (Hemex regular) c-axis 150 2.2 dpa, no RIED

4 Al2O3, single crystal, Crystal Systems (Hemex regular) a-axis 150 (0.2 dpa) a, (open coax)

5 Al2O3, polycrystalline, Vitox (99.9% purity) 150 (0.07 dpa) a , (shorted coax)

6 Al2O3, polycrystalline, Kyocera A-480 (99.9% purity) 150 (0.006 dpa) a, (Shorted coax)

7 Al2O3, polycrystalline, Wesgo AL300 (97.0% purity) 150 (1 dpa) a, no RIED, shorted

coax

8 Al2O3, polycrystalline, Kyocera A-479 (99.0% purity) 150 (1 dpa) a, no RIED, shorted

coax

9 Al2O3, polycrystalline, Coors AD998 (99.8% purity) 150 (0.005 dpa) a, open triax

10 Al2O3, polycrystalline, Wesgo AL995 (99.5% purity) 150 (0.03 dpa) a, shorted coax

11 Al2O3, polycrystalline, Wesgo AL995 (99.5% purity) 0 (2 dpa) a, no RIED, open triax

12 Al2O3, single crystal, Crystal Systems (Hemex regular) c-axis 0 (0.5 dpa) a, shorted coax

13 Al2O3+Cr, single crystal, Union Carbide (UV grade), 60h from c-axis 150 2 dpa no RIED

14 Al2O3, single crystal, Kyocera SA100 (1102 orientation) 150 (0.02 dpa) a, shorted coax

15 Al2O3, single crystal, Kyocera SA100 (1102 orientation) 0 (0.3) dpa) a, shorted coax

a MI cable failed (short or open) during the full power irradiation.
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besides the normal RIC up to dose of �2.2 dpa. The

results for the in situ measurements are summarized in

the fourth column in Table 1. The in situ measurements

could be performed up to three HFIR irradiation cycles

(maximum dose of �3 dpa) for only three specimens:

single crystal of Crystal Systems (Hemex) c-axis direc-

tion, regular and UV grade, and Cr doped single crystal

of Union Carbide (UV grade). The measurements on

other specimens were prematurely terminated because

the coaxial or triaxial MI cable either shorted or devel-

oped an open circuit during the 3-month neutron irra-

diation. However, measurements on three of these

specimens (Wesgo AL300, Kyocera A-479 and Wesgo

AL995) were performed for doses up to 1 or 2 dpa.

Furthermore, the results on three specimens (Crystal

Systems UV and regular grade single crystal alumina

and Union Carbide Cr-doped UV grade single crystal

alumina) also show that there was no drastic increase of

current for doses up to >2 dpa. Thus it is concluded that

there is no catastrophic levels of RIED in alumina up to

>2 dpa for neutron irradiation at �723 K for electric

®eld strengths of �200 V/mm. Further experimental

results are given elsewhere [18].

Figs. 2 and 3 show the I±V characteristics of a

Crystal Systems (Hemex) UV grade single crystal alu-

mina specimen without and with neutron irradiation,

respectively. The curves of I±V plots are not linear, that

is, the I±V characteristics are non-ohmic. Moreover the

curves are asymmetric. The magnitude of the current at

the same absolute value of applied voltage is greater for

positive voltages than for negative voltages. Non-ohmic

I±V characteristics were observed for all of the speci-

mens with the reactor turned o�. The I±V characteristics

were also non-ohmic during reactor irradiation, but the

characteristics were quantitatively di�erent from those

without reactor irradiation. The qualitative in situ I±V

characteristics were similar between specimens measured

with the reactor on and o� (non-ohmic behavior, with

higher current ¯ow observed at positive voltages in all

cases).

3.2. Electron irradiation

The ¯uence dependence of the bulk and surface

conductivity is shown in Fig. 4. The bulk and surface

conductivity was measured simultaneously. The con-

Fig. 1. Irradiation time dependence of current of Crystal Systems ``Hemex'' UV grade c-axis single crystal alumina under HFIR ir-

radiation. The irradiation of 2500 h corresponds to a dose of �2.2 dpa.
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Fig. 3. Current±voltage plot of Crystal Systems ``Hemex'' UV grade c-axis single crystal alumina with neutron irradiation at 723 K.

Fig. 2. Current±voltage plot of Crystal Systems ``Hemex'' UV grade c-axis single crystal alumina without neutron irradiation at 313 K.
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ductivity was measured under irradiation with a 1 MeV

electron ¯ux of 1.4 ´ 1018 e/m2s in an electric ®eld of 93

kV/m at 680 K. The bulk and surface conductivity in-

creased to a maximum value (3.0 ´ 10ÿ6 S/m for bulk

and 5.6 ´ 10ÿ11 S for surface at 0.5 ´ 1022 e/m2) then

decreased gradually up to a ¯uence of 7.8 ´ 1022 e/m2

(9.1 ´ 10ÿ5 dpa). The ¯uence dependence of the surface

conductivity is similar to that of bulk conductivity. The

results show that there is no pronounced degradation of

bulk and surface conductivity up to 9.1 ´ 10ÿ5 dpa.

Fig. 5 shows the I±V behavior before irradiation

from room temperature to 723 K. In Fig. 5, solid and

dotted lines show the increasing and decreasing voltage

process, respectively. It was found that the I±V behavior

had a strong temperature dependence. The activation

energy obtained from the temperature dependence was

0.4 � 0.02 eV. The I±V behavior is non-ohmic and the

I±V curve is asymmetric. The I±V curve at 723 K has

hysteresis. The I±V behavior under irradiation with a 1

MeV electron ¯ux of 1.5 ´ 1018 e/m2s is shown in Fig. 6.

Non-ohmic behavior was also observed but the behavior

was di�erent from the non-irradiated case. The I±V be-

havior under irradiation has less temperature depen-

dence compared with that of without irradiation. The

activation energy obtained from the temperature de-

pendence was 0.09 � 0.04 eV.

4. Discussion

Non-ohmic I±V behavior in semiconductor materials

is usually considered to be mainly due to the di�erence

between the work function of the electrode and the

electron a�nity of the specimen. In the case of a semi-

conductor specimen, an ohmic contact can be obtained

by choosing an electrode with a smaller work function

than the electron a�nity of the specimen if it is an n-type

semiconductor (or a larger work function if p-type) [19].

The electron a�nity of alumina and the work function

of titanium are 1 eV [20] and 4.33 eV [21], respectively. If

the work function concept for semiconductors could be

applied to alumina, the non-ohmic I±V characteristics

observed for the alumina specimens with titanium elec-

trodes is evidence that alumina behaves as an n-type

semiconductor. RIC studies on alumina have concluded

that the electron mobility is much higher than the hole

Fig. 4. Electron ¯uence dependence of bulk (open circle) and surface (®lled circle) conductivity of Kyocera ``SA-100'' single crystal

alumina under 1 MeV electron irradiation ¯ux of 1.4 ´ 1018 e/m2s with an electric ®eld of 93 kV/m at 680 K. The scale of bulk

conductivity is di�erent from that of surface conductivity.

1852 K. Shiiyama et al. / Journal of Nuclear Materials 258±263 (1998) 1848±1855



mobility [22], which would imply that alumina should

usually act as an n-type semiconductor (unless prefer-

ential trapping by impurities causes a much higher

concentration of holes compared to electrons). This

agreement indicates that the semiconductor work func-

tion concepts could be applicable for alumina. In situ

dielectric property measurements on ®ssion reactor ir-

radiated alumina have also found that alumina can be

modeled as a wide-band gap semiconductor [23].

Since there are no elements with work functions less

than �2 eV, ohmic behavior would in principle not be

expected for alumina specimens with any type of elec-

trode unless the specimen could be converted into p-

type. One complication is that the ohmic or non-ohmic

behavior could be a�ected by mechanical deformation of

the specimen surface [19]. Therefore, it may not be

possible to predict whether or not ohmic behavior will

be observed in alumina for a given electrode material.

The I±V characteristics can also be in¯uenced by the gas

which was used to control the specimen temperatures.

The detailed analysis of the gas e�ect on the HFIR

specimen I±V characteristics is described elsewhere [18].

Additional I±V measurements on single crystal alumina

using other electrode materials are planned for the near

future in order to further investigate the mechanism of

ohmic and non-ohmic I±V behavior in alumina.

5. Summary and conclusions

In the present study, in situ measurements of the

electrical conductivity and current±voltage (I±V) char-

acteristics were performed both in the HFIR ®ssion re-

actor with or without neutron irradiation and in a High

Voltage Electron Microscope (HVEM) with or without

1 MeV electron irradiation. The results obtained are

summarized as follows.

(i) RIC was observed under neutron and electron

irradiation but no RIED was observed with neutron and

electron irradiation up to >2 dpa and 9.1 ´ 10ÿ5 dpa,

respectively.

(ii) Non-ohmic current±voltage (I±V) characteristics

were observed in alumina with or without neutron and

electron irradiation.

(iii) The reason for non-ohmic behavior may be the

di�erence of work functions between the electrode and

the specimen material. This analysis suggests that alu-

mina can be modeled as an n-type semiconductor both

Fig. 5. Current±voltage plot of Kyocera ``SA-100'' single crystal alumina without electron irradiation at various temperatures. Solid

and dotted lines correspond to the increasing and decreasing voltage process, respectively.
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with and without irradiation. However, further I±V

measurements are needed to con®rm the mechanism of

ohmic or non-ohmic I±V characteristic of alumina.
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