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Abstract

In order to evaluate the electrical insulating potential of aluminium nitride as a radio frequency (rf) heating device,

neutral beam injectors, magnetic coils, etc. in fusion reactors environments, the current±voltage (I±V) characteristics

and electrical conductivity of poly-crystalline aluminum nitride, doped with 1 wt% Y2O3 (AlN±1 wt% Y2O3) have been

measured before and during irradiation with 1 MeV electrons at temperatures up to 723 K. The I±V characteristics of

AlN without irradiation are non-linear, while those with irradiation exhibit hysteresis. Blocking e�ect without irradi-

ation is considered, and it changes with fast electron irradiation. Inconsistency in the I±V characteristics of AlN be-

tween positive and negative polarity during irradiation is found, and it is thought to be due to the electron charge

deposition onto the single surface of the specimen. No bulk and surface RIED are found up to 1:5� 10ÿ5 dpa. If the

alpha-particles produced by high neutrons are assumed to be negligible, then AlN can be used as an alternative can-

didate material for the coating on the blanket of fusion reactors, because of the absence of severe thermally stimulated

conductivity (TSC) and bulk and surface degradation under fusion reactors environments. Ó 2000 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Aluminum nitride (AlN) is potentially being
used in microelectronic packaging applications [1]
and recently is proposed for a variety of fusion

reactors applications as a ®rst wall coating, mag-
net insulation, invertor, diverters, radio frequency
(rf) windows and instrumentation [2], as well as for
high radiation environments due to its high insu-
lating behavior, high thermal conductivity [3] and
large band gap energy of 6.5 eV [4]. AlN is char-
acterized by mixed ionic and covalent bonding,
and the defects present in the crystals act as the
source of conduction electrons at temperatures.
Irradiation with high energy radiation can energize
these defect produced electrons, which are enough
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to results in radiation induced conductivity (RIC)
through the excitation of electrons from valence to
conduction bands [5]. AlN may also exhibit losses
under irradiation in the presence of an electric
®eld, which causes fracturing. In fact, the electrical
properties of insulating materials may degrade
permanently when irradiating for a long time in
the presence of electric ®eld at moderate temper-
atures, so called radiation induced electrical de-
gradation (RIED) [6], and the RIED can cause
malfunctioning in instrumentation.

In order to get insights into the mechanisms of
the conduction process, it is necessary to under-
stand the processes involved in the current±voltage
(I±V) behavior and electrical conductivity of ce-
ramic insulators before and during irradiation. To
do this, it is indispensable to consider the condi-
tions for Ohmic, neutral, and blocking or Schottky
barrier (which occur between the electrode and
specimen surface) of /i > /c; /i � /c and
/i < /c, respectively [7]. Here, /i and /c represent
the work function of insulator and electrode ma-
terial, respectively. The purpose of this study is to
understand the conduction mechanisms responsi-
ble for Ohmic and non-Ohmic behavior and to get
more understanding of the conduction process of
AlN with and without electron irradiation for
evaluating the electrical insulating potentiality in
fusion environments.

2. Experimental procedure

Brownish-colored, well-polished polycrystalline
AlN with 1 wt% Y2O3 (AlN±1 wt% Y2O3 having
purity greater than 99.0%) specimens of 5.5 mm
diameter and 200 and 500 lm-thicknesses were
used in this study. Titanium was deposited on the
specimen surfaces to act as center, guard and base
electrodes in the vacuum pressure of 10ÿ4 Pa. The
con®guration of the three electrodes system in this
work is same as described previously [8]. Electrical
measurements were done before and during irra-
diation. Before irradiation, a bell jar with vacuum
pressure of 10ÿ4 Pa was used to perform the ex-
periments in the temperature range of 300±723 K
with an electric ®eld of 150 kV/m. During irradi-
ation, the experiments were carried out in the

HVEM at Kyushu University under 1 MeV elec-
trons irradiation with beam-on and -o� conditions
in the same temperature range and applied electric
®eld as the unirradiation experiments.

3. Results and discussion

3.1. Unirradiated specimen

An Arrehenius plot of electrical conductivity
for a 200 lm-thick AlN±1 wt% Y2O3 specimen
with an applied electric ®eld of 150 kV/m before
and during irradiation is given in Fig. 1. The ir-
radiation data consist of the conductivity at two
ionizing doses of 1:8� 104 and 7:4� 104 Gy/s.
Two distinct bands of activation energy in the
unirradiation conductivity were observed. Between
room temperature and 480 K the activation energy
was 0.26 eV, and from 480 to 723 K it was 0.81 eV.
Fig. 2 shows the I±V curves of a 200 lm-thick
AlN±1 wt% Y2O3 specimen at 423 and 723 K be-
fore irradiation. In these measurements, the volt-
age was applied to the specimen for 1 and 5 min.
The amplitude of the negative quadrant of I±V

Fig. 1. Semi-log plot of electrical conductivity as a function of

reciprocal temperature for a 200 lm-thick poly-crystalline AlN

before and during irradiation with 1 MeV electrons in an

electric ®eld of 150 kV/m.

160 M.M.R. Howlader et al. / Nucl. Instr. and Meth. in Phys. Res. B 166±167 (2000) 159±164



curves is higher than that of the positive quadrant
at various temperatures. Time dependent reduc-
tion of the specimen current at various potentials
is found. According to Simmons [7], Ohmic,
blocking (Schottky) and neutral contacts can be
formed across the interface between the electrode
metal and insulator in the consequence of

/i > /c; /i < /c and /i � /c, respectively. The
Ohmic contact acts as a reservoir of charge, which
is capable of supplying electrons to the insulator;
thereby space charge conduction is present in the
insulator. In the case of blocking contact, electrons
¯ow from the insulator into the electrode for
maintaining thermal equilibrium. For the neutral
contact, zero charge transfer exists between inter-
faces resulting in no space charge in the insulator
and no bending in the band. Consequently Ohmic
and neutral contact characteristically are bulk
limited whereas blocking (Schottky) contact is
electrode limited. The non-Ohmic behavior is ap-
parent in Fig. 2. The non-symmetric behavior of
I±V curves with respect to the polarity of applied
voltage was analyzed based on the electrode-lim-
ited blocking e�ect, including space charge con-
duction.

3.2. Irradiated specimen

In order to understand the e�ect of irradiation
with fast electrons on blocking e�ect, I±V mea-
surements of a 200 lm thick AlN±1 wt% Y2O3

specimen irradiated with a 1 MeV electron dose
rate of 1:2� 1018 e/m2 s (1:4� 10ÿ9 dpa/s and
7:4� 104 Gy/s) at 296 and 480 K were performed
and their results are shown in Fig. 3. Unlike
unirradiation I±V measurements, the specimen
current was measured here after reaching the sta-
ble reading with the application of electric ®eld
(after about 1 min) at each step. Hysteresis and
asymmetry between the positive and negative
quadrant value are present in the I±V curves. The
apparent amplitude at the positive quadrant of
I±V curves is higher than that of the negative
quadrant, contrasting to the unirradiation I±V
curves which might be due to the continuous ir-
radiation onto the single surface of the specimen.
Hence, the I±V curves with and without irradia-
tion indicates that irradiation changes the blocking
e�ect and deposits electronic charge in the speci-
men [9,10]. Therefore, it is concluded from the I±V
behavior that the specimen current is bulk domi-
nant under these conditions. Also, the activation
energy reduces to 0.08 eV during irradiation with
7:4� 104 Gy/s, indicating the change in the con-
duction process due to irradiation. Fig. 4 shows

Fig. 2. I±V relationships of a 200 lm-thick poly-crystalline AlN

with Ti electrodes before irradiation at (a) 423 K and (b) 723 K.

The solid and dotted lines correspond to the specimen current

for 1 and 5 min, respectively. The open and ®lled symbols

correspond to the potential applied to the base and center

electrodes, respectively. Here, I1, I2, I3 and I4 represent the

®rst, second, third and fourth run numbers of the experiments.
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the time dependence of electrical conductivity of a
200 lm-thick AlN±1 wt% Y2O3 specimen with a 1
MeV electron dose rate of 1:2� 1018 e/m2 s with
beam-on and -o� at 296 and 482 K. The conduc-
tivity suddenly increases at both temperatures

after turning the electron beam on by almost four
orders of magnitude compared to unirradiated
state and then varies almost constantly with time.
The result also indicates that the di�erence in the
conductivity at 296 and 482 K under beam-o�
condition is higher than that under the beam-on
condition. No TSC peaks are found in the AlN
specimen. The abruptly increasing behavior of
electrical conductivity with increasing tempera-
tures, indicating thermal excitations of electrons
from impurity levels. The decrease in electrical
conductivity with increasing annealing time at
each temperature is most likely due to the an-
nealing of the trapping centers associated with
point defects produced during irradiation.

The dose rate dependence of electrical con-
ductivity of AlN±1 wt% Y2O3 specimen is plotted
in Fig. 5 along with the results of the Lindau and
M�oslang [11] and Ulmanis and Palcevskis [12].
The conductivity is proportional to both the
ionizing dose rate and the temperature. The
results also imply that the conductivity increases
with increasing beam intensity irrespective of
irradiation type and energy. The results suggest
that AlN can be used for the coating materials of
the blanket in fusion reactors provided that the
alpha-particles produced by high neutrons are not
dominant.

Fig. 4. Time dependence of electrical conductivity of a 200 lm-

thick AlN specimen having Ti electrodes with a 1 MeV electron

dose rate of 1:2� 1018 e/m2 s with beam-on and -o� in a dc

electric ®eld of 150 kV/m at 296 and 482 K.

Fig. 5. Ionizing dose rate dependence of electrical conductivity

for a 200 lm thick AlN specimen at 296, 482 and 677 K com-

pared with those of Lindau and M�oslang [11] and Ulmais and

Palcevskis [12].

Fig. 3. I±V relationships of a 200 lm-thick AlN with Ti elec-

trodes with a 1 MeV electron ¯ux of 1:2� 1018 e/m2 s at 296 and

723 K. The solid and dotted lines correspond to the increasing

and decreasing applied potential, respectively. Here, I1, I2, I3

and I4 represent the sequential numbers for the experiments.
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Fig. 6 shows the total dose dependence of the
bulk and surface conductivity for 200 and 500 lm-
thick AlN±1 wt% Y2O3 specimens under irradia-
tion with a 1 MeV electron dose rate of 1:2� 1018

e/m2 s in a dc ®eld of 150 kV/m at 723 K. Before
irradiation, the bulk conductivity decreases with
time; however, the bulk conductivity suddenly in-
creases after turning on the beam, by more than
one order of magnitude compared to the unirra-
diated value, and then gradually increases with
time. After turning o� the electron beam, the
conductivity reduces to the unirradiated value and
then recovers with respect to time. The analogous
increase and decrease in RIC of alumina under 1
MeV electron irradiation have been found [8] and
interpreted in terms of the e�ect of electronic ex-
citation and the interaction between radiation-in-
duced defects and free electrons in the insulator.
The surface conductivity during irradiation in-
creases by factors of two or three over the unir-
radiated surface conductivity, and then gradually
decreases with time. No bulk and surface RIED
have been found up to 1:5� 10ÿ5 dpa. Lindau and
M�oslang [11] have irradiated AlN using 104 MeV
alpha-particles during beam-on and -o� with a dc
electric ®eld of 100 kV/m up to 0.08 dpa at 573,
623 and 773 K. They have found two to three
orders of magnitude di�erence between the beam-
on and -o� conductivity. They have also checked

the error (surface conductivity) in the bulk con-
ductivity according to Kesternich [13] and argued
that the conductivity changes are bulk limited. In
addition, no signi®cant RIED has been evident up
to 0.08 dpa in their study. On the other hand, in
this study, the beam-on and -o� conductivity dif-
fers by a magnitude of four, two and half and one
and half orders, respectively at 296, 480 and 723
K. This fact indicates that the electrical conduc-
tivity of AlN at higher temperatures is dominated
by thermal rather than ionization processes, as in
Wesgo AL995 alumina [14]. However, the results
of bulk and surface conductivity also show the
di�erent amplitudes for 200 and 500 lm-thick
specimens. The same trend of explanation of the
thickness dependence of the RIC of Kyocera single
crystalline alumina and polycrystalline Wesgo
AL995 alumina [14] is also applicable for this re-
sult of AlN±1 wt% Y2O3 specimen.

4. Conclusions

The I±V characteristics and electrical conduc-
tivity of poly-crystalline aluminum nitride, doped
with 1 wt% Y2O3 (AlN±1 wt% Y2O3) specimen
have been measured before and during irradiation
in a bell jar and in a high voltage electron micro-
scope with 1 MeV electrons, respectively, at tem-
peratures up to 723 K. The I±V characteristics of
AlN specimen without irradiation are non-linear
while those with irradiation exhibit hysteresis.
Blocking e�ects observed without irradiation
change under fast electron irradiation. Inconsis-
tency in the I±V characteristics of AlN between
positive and negative polarity during irradiation is
thought to be due to the electron charge deposition
onto the surface of the specimen. The RIC is due
to the excitation of band electrons. No bulk and
surface RIED are found up to 1:5� 10ÿ5 dpa.
Electron irradiation and subsequent annealing at
di�erent temperatures demonstrated the quality of
irradiation produced trapping centers. Finally,
AlN should be considered as a candidate material
for coating the blanket of fusion reactors unless
the alpha-particles produced by high neutrons are
assumed to be dominant.

Fig. 6. RIC of 200 and 500 lm-thick AlN specimens having Ti

electrodes under 1 MeV electron irradiation with increasing and

decreasing beam intensity at 296, 482 and 677 K in a dc electric

®eld of 150 kV/m. The open and ®lled symbols correspond to

increasing and decreasing beam intensity, respectively.
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