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Abstract

The conductivity mechanism of oxide films on tubes of various zirconium alloys grown in water and steam was
investigated by /- measurements. Electrodes of Ga, Ag, graphite and Au gave different results. The current decrease at
voltage application was due to formation of space charge, which could be extracted again as short-circuit current. The
positive branch of the I~V characteristics could be fitted by a second-order polynomial. Neither the Schottky emission
mechanism nor the Poole-Frenkel effect could be proved. A high invariable carrier concentration with extremely low,
but temperature dependent mobility could be proved using the Mott-Guerney relation. The carriers originate from
oxygen vacancies in a substoichiometric black oxide layer near the metal-oxide interface. The conduction mechanism is
believed to be a hopping process of electrons between oxygen-vacancy traps. There exists a small ionic conduction part,
building up an open-circuit voltage so that the /- characteristics do not pass through the origin. The Meyer—Neldel

rule applies.
© 2002 Published by Elsevier Science B.V.

1. Introduction

Zirconium alloys with enhanced corrosion resistance
are used in nuclear light-water reactors as fuel cladding
and channel box materials [1,2]. In a high-temperature
aqueous environment, oxides are formed by diffusion of
oxygen ions through the built-up layer, combining with
zirconium ionized by electron emission [3]. Thus the
oxidation of zirconium depends on the transfer of elec-
trons from the metal to water, oxygen ions diffusing in
the opposite direction. Therefore, the corrosion rate
depends largely on the electron motion, which is gov-
erned by the electrical conductivity of the oxide layer. It
is therefore of interest to investigate the electrical
transport properties of the oxide layers with regard to
the oxide-forming capability and assessment of corro-
sion resistance.

" Tel.: +420-2 2435 8559; fax: +420-2 2191 2407.
E-mail address: kipl@troja.fifi.cvut.cz (H. Frank).

The excellent corrosion resistance of the alloys in
aqueous solution is attributed to the formation of a
passive film on the surface. Lee et al. [4] investigated the
passive film on Zircaloy-4 by a photo-electrochemical
method. The oxide consisted of an inner anhydrous
layer with a band gap of 4.30 eV, and an outer hydrous
71O, layer with a band gap of 2.98 eV.

Cox [5] found that the electronic conductivity is
controlled by small amounts of alloying elements.
Howlader et al. [3] concluded that electron conduction
dominates the electrical conductivity of Zircaloy oxide
films. They measured the electrical conductivity and I~V
characteristics of Zircaloy oxide films over a wide tem-
perature range using various electrode metals.

The oxide layer is not uniform, there exists a black
hypostoichiometric layer of relatively higher conductiv-
ity near the oxide-metal interface, whereas the outer
layer is white and of high resistivity, as could be shown
metallographically by Cox et al. [6].

It is well known [3,7,8] that bulk ZrO, is pre-
dominantly an electronic high-resistivity semiconductor
with a certain amount of ionic conduction at higher
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temperatures [3]. The band gap is approximately 5 eV,
work function 4.0 eV and relative permittivity 22. The
observed activation energy is determined by the distance
between the trap levels and the lower edge of the con-
duction band [9].

2. Experimental

Tube sections specimens 30 mm long and of 9 mm
outer diameter prepared from the zirconium alloys
ZrINb, ZIRLO and Zry-4W (Table 1) were oxidized in
water at 360 °C and in steam at 500 °C; the oxide layer
thickness lays between 2 and 200 um dependent on ox-
idation temperature and exposure time. According to
the outer appearance there were two kinds of specimens,
namely samples with thin oxide layers of dark colour,
and thick film samples with white oxide layers.

The samples were fitted with circular electrodes 6 mm
in diameter at the oxide surface. Liquid Ga and colloidal
silver paint applied with an Al tip were initially used, but
Ga electrodes proved unstable, forming black scum at
the oxide surface, and were therefore discarded. Silver
paint electrodes and, subsequently, graphite sprayed-on
electrodes, and finally vacuum evaporated gold elec-
trodes, were found satisfactory and stable enough.
Owing to the large contact area of 0.283 cm? guard rings
appeared to be unnecessary, no difference was found with
readings taken with and without guard rings. The spec-
imens were mounted in a small thermostat, with a max-
imum temperature of 220 °C. The abraded front ends of
the tubes of shining zirconium metal were in direct con-
tact with pressed-on copper electrodes, on which a
thermocouple was mounted for temperature control. The
current was measured with a two-electrode arrangement,
using only one contact to each electrode. The contact
resistance between the copper electrode pressed onto the
metallic bulk zirconium is certainly to be neglected, the
same being true for the resistance between the metallic
measuring electrode and the pressed-on 0.3 mm thick
phosphorbronze contact spring. A voltage was applied to
the zirconium metal. The Ga, Ag, Au or C surface elec-
trode was earthed via a picoampere-meter with a reso-
lution of 0.1 pA. To minimize thermal loading of the
measuring contact, this was accomplished by means of
the thin, 50 mm long contact spring, leading through a

Table 1
Chemical composition (wt%) of Zircaloys used in the present
study

Nb Sn Fe Cr
ZrINb 1
ZIRLO 1 1 0.1
Zry-4W 1.3 0.2 0.1

small opening in the thermostat wall. The voltage drop of
the meter was mostly limited to 10 mV, with a possible
maximum of 200 mV, which had to be subtracted from
the source voltage for resistance calculations. The volt-
age supplied by a stable source could be varied from 0.1
to 100 V and was chosen with regard to the oxide layer
thickness so as not to exceed the dielectric strength, with
a maximum of about 4 MV/m. Normally the voltage was
chosen as low as possible in order to remain basically
within the linear part of the characteristics while ensuring
good current reading. The I~V characteristics were
measured at room temperature and at higher tempera-
tures, ranging from 60 up to 220 °C with steps of 20 °C
mostly with at least 10 positive and 10 negative voltage
values. The voltage polarity is defined with respect to the
bulk zirconium. Above room temperature a small short-
circuit current and open-circuit voltage could usually be
observed, due to the ionic conduction fraction. The
temperature dependence of the resistivity was assessed
either by measurements of the current at two constant
but different potentials with slowly rising or decreasing
temperatures with a rate of about 1 °C/min, or by mea-
suring the complete characteristics at selected, constant
temperatures. The electric current measurement was very
time consuming, particularly in the room temperature
range. The current on the application of voltage was
much higher (up to 10-fold and more) than at equilib-
rium, which was reached only after a long time (up to
several hours). At higher temperatures, such as 100 °C
and more, it took only minutes to reach final steady-state
values. The conductivity/resistivity was computed from
the linear part of the I~V characteristics in the range of
validity of Ohm’s law. The activation energy E was de-
rived from the slope of the log p = f(1/T) plot. The
relative permittivity was calculated from the measured
electrode capacity at 1000 Hz with known geometrical
factors. There was virtually no hysteresis of the temper-
ature-dependent currents when the readings were taken
after waiting to reach equilibrium conditions. Measuring
the current in the decreasing temperature mode starting
from the temperature maximum (typically 100 °C)
proved to be more convenient, shortening the idle time
for steady-state readings.

3. Results and discussion
3.1. Time dependence of the electric current

The time dependence of the current after application
of voltage U = U, at time ¢, is schematically indicated in
Fig. 1. There flows a relatively high current, which de-
creases at first very fast and then gradually more slowly,
until it reaches asymptotically its final value. This is due
to charge carrier injection which builds up a space
charge until the injection stops, and at equilibrium there



H. Frank | Journal of Nuclear Materials 306 (2002) 85-98 87

U=U
y =0
+1i A\ Injection I=aU’+bU+c
Lstab = Icn + Iowm + 1o
to t O ;
Q=Q,
-1,
extraction
U=0)

Fig. 1. Time dependence of injection current with turned-on voltage U; and extraction current without external voltage source.

flows a steady space-charge limited current. If the volt-
age is switched off at 7, and the sample is shorted by the
current meter, an extraction current of opposite polarity
can be measured, the time integral of which equals the
injected space charge. The extraction time #, —# is
practically the same as the injection time ¢, — #, and
may take several hours at room temperature.

Typical behaviour of the gradual current decrease
with time at different voltages is shown in Fig. 2. The
current was highest at the moment of voltage applica-
tion and then decreased slowly to reach asymptotically
final equilibrium values. Evidently, this is a case of
majority carrier injection building up a space charge.
Equilibrium is reached when the space charge is high
enough to stop further injection and a steady space-
charge limited current is established. This is in agree-
ment with Hartman et al. [9] who suggested, based on
analogous calculations for silicon oxide films, that the
conduction mechanism is due to bulk limited conduc-
tion, rather than to Schottky emission, as proposed by
Simmons [12], or to the Poole-Frenkel effect, as sug-
gested by Mead [13].

The existence of space charge accumulated by long-
time injection currents was proved by measuring the
short-circuit extraction currents flowing after completed
injection, as shown by the dotted lines for U = 0 in Fig.
2. Due to the very low bulk conductivity, the injected
charge remains virtually unchanged for a long time and
can be extracted again. This extraction current decreases
as a hyperbolic time function 7 ~ ¢ with 1/2 > n > 2/3
(=2 at 5 V and r~%? at 100 V). The time integral of the
extraction current equals the injected space charge. This
is shown in Fig. 3 where the complete space charge,

calculated by numeric integration of the time-dependent
extraction current is plotted for three different injection
voltages, giving a linear relationship. The calculated
mean space charge density for this sample is 2 x 1076
As/em?V, or 1.2 x 10" electrons/cm® V. Thus the oxide
layer behaves like a storage cell, which can be charged
and discharged.

Further measurements of the time dependence of the
current were not carried out, as the measurement is very
time consuming. It should be noted that the current at
injection is larger than the short-circuit current at ex-
traction by the amount of the steady-state current. This
implies that the total current flowing at voltage appli-
cation is composed of a constant equilibrium part, and a
time-dependent injection current, building up the space
charge. Therefore, meaningful current readings for
conductivity determination cannot be taken until the
space-charge forming process is completed and steady-
state conditions for the space-charge limited current
have been reached.

3.2. IV characteristics

At space-charge limited current conditions, the I-V
characteristics are non-linear and the total current
I(stab), as indicated in Fig. 1, consists of three compo-
nents, namely a space-charge limited part Ic, ~ U?, a
linear part Ionm ~ U, and a constant short-circuit part I,
which may be observed at higher temperatures. In this
case the I-V characteristics do not pass through the
origin. Neglecting higher powers of voltage, the positive
branch of the characteristics can be approximated by a
second-order polynomial
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Fig. 2. (—): Time dependence of current after voltage turning
on (charge injection). (---): Time dependence of the extraction
current with the sample short-circuited by the pico-ampereme-
ter. The time integral of the extraction current equals the pre-
viously injected charge. The current decreases hyperbolically,
from ~ ¢71/2 at a low voltage to ~ ¢~*? at higher voltages.
Specimen: Zry-4W No. 3136057, room temperature.

[ =aU*+bU +c, (1)

where c is the short-circuit current. The linear term de-
scribes the current obeying Ohm’s law, and b =1/R
defines the resistance R = pw/A4 of the sample with
thickness w, contact area A and resistivity p. The qua-
dratic term expresses the curvature of the characteristics
and may be due to various mechanisms [9,10], namely

(a) Schottky type emission

SpIr
KT /mew ﬁ)’

(b) Poole-Frenkel mechanism
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Fig. 3. Time integral of the extraction current (data from Fig.

2), showing a linear increase of the space charge Q with in-
creasing injection voltage U.

4 2088717 X
=G| — = 3
4 G0<W>EXP<kT\/nsw kT)7 3)

(c) Space-charge limited current obeying Child’s law
[11] according to the Mott—Guerney relation [10]

_ 9egop

/= 8w3

V2, 4)

where J is the current density, ¢ the permittivity and u
the mobility of the current carriers.

Here the evaluations are restricted to the positive
branch (positive potential at the Zr bulk) because the
characteristics are not only non-linear, but also asym-
metrical.

The curvature of the characteristics is determined by
the second-order term, which means that in addition to
Ohm’s law for the linear part, the second-order term
according to Child’s law manifests itself at higher volt-
ages, Eq. (4).

Typical characteristics for positive voltage at the Zr
electrode are shown in Fig. 4 (positive branches only).
The sample was of the first kind with a thin layer (2.26
um) of dark grey appearance. The characteristics were
taken at constant temperature with voltage increments
of 1 V each applied after 5 min up to 10 V with positive
and then with negative polarity. Full lines of second-
order polynomials are fitted to the measuring points
according to Eq. (1)

Howlader et al. [3] attempted to explain the curvature
of the I~V characteristics of Zircaloy oxide layers either
in terms of Schottky emission or in terms of the Poole—
Frenkel mechanism. They plotted the logarithm of cur-
rent In 7 as a function of the square-root of voltage U'/?
for the Schottky emission model, and also as
In(I/U) = f(U'?) for the Poole-Frenkel mechanism,
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Fig. 4. Positive branch of non-linear /-V" characteristics with
fitted polynomials [ = aU? + bU +c. Values of polynomial
coefficients are in Table 2.

and obtained nearly linear relationships in either case.
Our results plotted in Fig. 5(a) give curved lines not
compatible with either Schottky emission or Poole—
Frenkel mechanism, but the measuring points lie on
straight lines in Fig. 5(b) at 120 °C and at voltages
higher than 0.5 V.

The I-V characteristics are not only non-linear but
also asymmetric. The current grows faster with in-
creasing voltage when the potential at the Zr electrode is
negative than when it is positive, which implies that the
Zr-ZrO,-M system has certain rectification capabilities.
Since the work function of ZrO, is the same as that of Zr
[3], no band bending takes place at this junction, and
rectification to a certain extent can only be due to the
work function difference between the oxide and the
metallic measuring electrode, giving rise to band bend-
ing. A larger current flows if there is a positive potential
at this electrode, which indicates that electrons are
transferred. The forward direction of the carrier flow is
consistent with electron motion. By virtue of Schottky’s
rule, current carrier transfer is easier from the semi-
conductor to the metal. Therefore electrons are the
dominating charge carriers and ZrO, is an electronic
semiconductor with space-charge limited current flow.

3.2.1. Evaluation of the second-order term
The coefficient of the quadratic term of the fitted
polynomial to the measuring points of the positive

35
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Fig. 5. Results of the I~V measurements plotted as
log7 = f(U'?) and logI/U = f(U'?); which should give
straight lines for Schottky emission, or for Poole-Frenkel
mechanism, respectively. (a) Results of Fig. 2, (b) thin layer,
ZrINb 1753149, 120 °C, the measuring points for voltages
higher than 0.5 V lie on straight lines as well for Schottky
emission as also for Poole-Frenkel mechanism.

branch of the -V characteristics corresponds to Child’s
law and can be used to compute mobility and concen-
tration of the free carriers. Table 2 gives the values of
electron concentration and mobility at increasing tem-
peratures for a ZrINb sample. Additional results are
presented for samples of the other two Zircaloys in Fig.
6. It is astonishing that the electron concentration is very
high and the mobility extremely low. Also the concen-
tration is constant and independent of temperature. This
is understandable, if we consider the high activation
energy of about 1 eV for the conductivity. Therefore,
only the mobility depending exponentially on tempera-
ture is responsible for the temperature dependence of
conductivity.

Normally we should expect a decreasing mobility at
higher temperatures due to electron—phonon interaction.
The extremely low value of mobility in conjunction with
its exponential temperature dependence indicates a
hopping process to be responsible for electron transport.
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Table 2
Temperature dependence of second-order polynomial coefficients, Eq. (1), and computed carrier concentration n and mobility u
Temperature (°C) a (nA/V?) b (nA/V) ¢ (nA) n (cm™?) u (cm?/V's)
ZrINb 1753149, Au (Fig. 4)
21 0.00303 0.00799 0.0067 6.9 x 104 5.8 x 107!
65 0.0375 0.0266 0.061 2.5 x 10" 5.4 x 10710
81 0.078 0.0507 0.146 2.5 x 10" 1.03 x 107°
105 0.1173 0.3007 0.266 5.5 x 10" 2.6x 107
122 0.215 1.07 0.178 1.05 x 10'5 4.7 % 10°°
140 0.426 2.59 0.504 1.6 x 10" 8.1x107°
160 0.693 5.34 0.04 1.9 x 101 1.4 x 1078
180 1.871 5.03 2.13 1.04 x 10" 24 %1078
a (pAIV?) b (pAIV)
Zry-4W 3136057, Ga (Fig. 2)
23 0.09928 0.7173 - 1.1 x 10" 3.1x107°
Cox et al. [6] showed by metallographic investigation
55 that the oxide film consists of a black, hypostoichio-
' metric, highly conductive layer next to the oxide-metal
ZIRLO 2136057 interface, and a white oxide layer with high resistivity
near the surface. We found that our specimens of
- smaller oxide layer thickness (<5 pm) were of dark
2 61— colour (first kind), whereas specimens of thicker oxide
E * X 1296V layers were lightly coloured (second kind). It should be
> e . noted that the specimens of Zry-4W and ZIRLO (Fig. 6)
3 L . are of the second kind of relatively large thickness
2 n=41E12cm® B \ a8 (about 25 pum). The white, high resistivity oxide form
g-65 = @ outweighs the black, relatively high conducting form
3 ghs , y hig g
and explains the mean lower carrier concentration of
about 4 x 10" cm™3. The ZrINb specimen in Table 2 is
. of the first kind of high conductivity, of dark colour,
7 ‘ ‘ \ only 2.26 pm thick and has therefore a higher carrier
28 29 3 31 32 33 34 concentration of 1 x 10" cm™.
a) 10T (K)
3.2.2. Evaluation of the linear term
-4 The electrical conductivity can be evaluated from the
observed current at known voltage only if Ohm’s law is
Zry-4W 3136057 valid. The I-V characteristics must be determined in
g order to extricate the linear part. In other words, the
e constant b in Eq. (1) must be determined. There are two
< ways how to accomplish this. The first way is to measure
é‘ currents /; and /, at different voltages U, and U,. As-
'é suming the characteristics behave according to Eq. (1),
2 the constants a and b can then be calculated. The con-
- stant b is equal to the conductance, and with known
geometrical factors A and w for the area and thickness,
respectively, the conductivity can be calculated. Practi-

b) 10%T (K)

Fig. 6. Carrier concentration n and mobility x, computed from
the space-charge limited current part, using Eq. (4). Specimens:
(a) Zry-4W 3136057, (b) ZIRLO 2136057. Points as measured.
Straight lines computed from smoothed-out measurings.

cally, this means that the current at first with U; must be
measured with rising temperature, and then the mea-
surement must be repeated at a different voltage U,. It is
difficult to get identical conditions for both measure-
ments, therefore the other way is more adequate and
consists in measuring the complete /-V characteristics at
constant temperatures in the vicinity of the origin. Lim-
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Fig. 7. Linear part of -V characteristics measured around the
origin. Specimen ZrINb.1753046 with Ag electrode, showing
short-circuit current /, and open-circuit voltage U, tempera-
tures 80-140 °C.

iting the voltage to low values within the linear part of the
characteristics, the slope of the fitted straight line deter-
mines the conductivity/resistivity. This method is to be
preferred to the extrapolation to zero voltage of the fit-
ting of the complete large signal characteristics. Fig. 7is a
good example showing that the characteristics do not
pass through the origin. There exist a short-circuit cur-
rent I at zero voltage and an open-circuit voltage — U, at
zero current, both increasing with increasing tempera-
tures.

3.2.3. Evaluation of the constant term

Owing to the small additional ionic conductivity in
conjunction with the different work functions of Zr and
the measuring electrode metal (® =4.0, 5.1, 4.3, 4.25
eV, for Zr, Au, Ag, Ga, respectively), we have basically
an electrochemical cell with open-circuit voltage U, and
short-circuit current fy. This implies that the I~V char-
acteristics do not pass through the origin; instead they
intersect the voltage axis at —U, as shown in Fig. 7. In
most cases, U is only a few mV and can be neglected,
but ZrINDb specimens with thin oxide layers exhibited
abnormally high open-circuit voltages.

There are several effects possible to explain the exis-
tence of open-circuit voltages, namely

(a) Photoelectric effect: Can be excluded, because the
sample is mounted inside a light-tight box.

(b) Thermoelectrical effect: It must be stressed that
the open-circuit voltage is definitely not of thermoelec-
tric origin. The whole specimen is contained in the mini-
thermostat at constant temperature. The zirconium bulk
is connected with a thick pressed-on copper electrode
ensuring good thermal and electrical contact. The cur-
rently used 0.3 mm thick and 50 mm long phosphor-
bronze spring, contacting the measuring electrode on the
oxide film, was exchanged for a copper wire 150 mm
long and 0.1 mm thick with its whole length being inside
the thermostat, so as to exclude any possible tempera-
ture gradient on the sample and its contacts, both of
copper. No difference was found in readings with the
normal spring contact and with the exchanged thin
copper wire.

(c¢) Rectification of induced ac voltages: The ac
heating current for the thermostat was exchanged for dc
alimentation, and no difference was found in readings of
the open-circuit voltage. Moreover the sample is com-
pletely screened by the thick copper walls of the ther-
mostat, with only a short screened lead to the current
meter. Measurement with an oscilloscope at the input of
the pico-amperemeter revealed a 50 Hz disturbance
of less than 2 mV only.

(d) Electrochemical action: The system Zr-ZrO,-M
could act like a fuel cell with open-circuit voltage ex-
ceeding 0.5 V. The zirconium metal instead of hydrogen
is being oxidized by oxygen from the outside entering
the oxide film by diffusion. By the oxidation process
ZrO, originates instead of H,O, thereby increasing the
thickness of the oxide layer. This could be proved by
measuring the capacitance of the system, which should
decrease after prolonged flow of short-circuit current.
Also the short-circuit current should stop in inert at-
mosphere without oxygen, and in a reducing atmosphere
the short-circuit current should change sign. The po-
larity of the open-circuit voltage (and also of the cur-
rent) is positive at the (gold) measuring electrode. This is
in accordance with the polarity of a normal galvanic cell,
where the dissolving zinc (here Zr) electrode is negative
and the non-reacting graphite electrode is of positive
polarity.

Shirvington [14] mentioned that the current flowing
at zero potential represents the oxidation ionic current,
which is exactly equal to the electron current. The
temperature dependence of the open-circuit voltage of a
typical specimen is shown in Fig. 8, exceeding 600 mV at
190 °C with the Au electrode, and without change of
rising tendency. Using the Ag electrode, saturation of
360 mV was reached at temperatures over 160 °C. The
voltage U, was measured by compensation of the short-
circuit current. The latter can exceed 1500 pA depending
on the electrode metal. Fig. 9 shows the temperature
dependence of the short-circuit current ; for the same
sample as shown in Fig. 8. The open-circuit voltage at
120 °C remained unchanged for 32 h. Although the



92 H. Frank | Journal of Nuclear Materials 306 (2002) 85-98

600

ZriNb 1753149
500
Au/o//

400
300
200 / /
100

/ e ’r/ Au after 10 V
0 : ,

T

0 50 100 150 200 250
T (°C)

Uy (mV)

Fig. 8. Temperature dependence of the open-circuit voltage U,
(sample ZrINb 1753149, Ag electrode) showing saturation at
360 mV, Au electrode with still rising Uy. The curve (after 10 V)
with the low values of U, was measured after exposure to 220
°C and £10 V.
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afte\\ before
2 \ \
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Fig. 9. Temperature dependence of short-circuit current /p, Au
electrode. Upper line before, and lower line after, exposure to
220 °C and £10 V, respectively.

values of [, and U, remained constant, when the linear
part of the I-V characteristics was measured with small
voltages (max 1 V) up to 220 °C, exposure to 10 V at
220 °C resulted in an irreversible decrease of more than
an order of magnitude both for U, (Fig. 8) and [, (Fig.
9). Also the resistivity increased by half an order of
magnitude, but with unchanged activation energy. The
observed change remained permanent. Annealing at 120
°C for 72 h did not alter the diminished value.

3.3. Temperature dependence of the electric current and
activation energy

The free carrier activation energy E is computed from
the slope of the log p = f(1/T) straight line derived from
the linear part of the temperature dependent current
of the I-V characteristics. This was done by heating
specimens in a temperature-controlled mini-thermostat,
and measuring either the temperature-dependent cur-

rents at two different voltages in order to extricate the
Ohmic part of conductivity, or by measuring the I-V
characteristics at chosen constant temperatures and
computing the resistivity from the linear part in the
vicinity of the origin. The latter method was preferred.
Figs. 10-12 are presented as an example of the first
procedure. The values of the applied voltages U, and U,
were chosen as low as possible in order to obtain pre-
vailing Ohmic conduction and to reduce the influence of
charge-limited currents, but high enough to ensure good
current readings. In Fig. 13 both procedures are com-
pared to show the pitfalls of measuring with continuously
rising temperature. Here the rate of the temperature

\\ ZIRLO 2136057 Ga
3

g
E’ 128V 257V
=2
. \\
1 :
28 29 3 3.1 3.2 3.3 3.4

10%T (K)

Fig. 10. Temperature dependence of current at two different
voltages, measured at rising temperature 1 °C/min (ZIRLO
2136057, Ga-electrode). Fitted linear regression lines to smooth
out measuring errors are used for computation of values shown
in Figs. 11 and 12.

14

ZIRLO 2136057 Ga

13 —

1.29 eV

12

Log resistivity (Ohm cm)

11

27 2.8 29 3 3.1 3.2 3.3 34
10%T (K)

Fig. 11. Temperature dependence of resistivity, using values
taken from Fig. 10.
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Fig. 12. Temperature dependence of carrier concentration n
and mobility y, using values taken from Fig. 10.
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Fig. 13. Comparing results obtained A — at dynamic mea-
surements at two voltages with too fast temperature rise, and B
— static measurements of /- characteristics at constant tem-
perature and steady-state conditions. Prolongation of static
straight line includes the equilibrium point at room temperature
(1/T = 3.4 x 1073). In A there is a systematic deviation because
of too fast temperature rise, the resistivity is erroneously lower,
especially near room temperature, where there was not enough
time to reach the injection current limit. Both lines meet at high
enough temperature, where steady-state conditions are reached
for both procedures.

increase was too fast. The currents, especially at lower
temperatures, were too high, owing to the non-finished
injection currents and, accordingly, the computed resis-
tivity was too low. At higher temperatures the injection
currents decreased faster, and the computed resistivity
approached the true values, which were computed from
the I-V characteristics measured at constant tempera-
tures and at equilibrium conditions. From the slope of
the temperature-dependent resistivity line, the activation
energy could be derived by using the exponential rela-
tionship.

1/ = p = pyexp(E/2kT),
or
o = Aexp(—E/2kT). (5)

For each oxidation/time there are two specimens, i.e.
without and with evaporated gold electrodes. Although
the specimens of each series were treated in identical
manner, the results are somewhat different, demon-
strating the range of measuring error and sample dif-
ference.

Although all specimens had nearly the same thick-
ness, w = (2.5 +0.8) um, there was a large difference in
room temperature resistivity and activation energy val-
ues, depending on oxidation conditions. A pronounced
influence of the electrode metal could be observed,
contrary to Howlader et al. [3], who found no substan-
tial differences in this respect. The specimens belonged to
the first kind, where a hypostoichiometric layer at the
metal-oxide interface is predominating (Cox et al. [6]).
The oxide film is of dark colour and has relatively high
conductivity (see Fig. 14). Remarkable is the high open-
circuit voltage of over 200 mV at 100 °C of specimens
oxidized in steam. On the contrary, the oxidation in
water produced smaller values, as is seen for the last four
double specimens in Table 3. The samples were first
oxidized in water at 360 °C for 21 days, then in steam at
500 °C for 1 day, and finally in water for 1 day or 3 days.
The measurements were repeated with vacuum evapo-
rated gold electrodes, even though sprayed-on graphite
is simpler and faster.

Table 4 gives results obtained with specimens of the
second kind, i.e. with light coloured layers, thicker than
5 wm, where the white oxide of high resistivity is pre-
dominating (Cox et al. [6]).

In order to show a connection between resistivity and
oxide layer thickness, the respective values contained in
Tables 3 and 4 are plotted in Fig. 14. There can be seen a
pronounced tendency of resistivity, especially of speci-
mens of ZrINb of the first kind, to drop with slightly
increasing thickness to very low values, with a power
dependence of approximately p ~ w™!°. On the other
hand, there exists a tendency of rising resistivity with
increasing oxide layer thickness w for specimens of the
second kind, with a power law of p ~ w?. For the other
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Fig. 14. Dependence of resistivity on oxide layer thickness.
Layers of the first kind, with dark colour and small thickness
(below 5 um), have strongly decreasing resistivity ~ w™'°.
Layers of the second kind, with light colour and large thickness
(over 10 pm), have high resistivity, increasing with thickness
~w. ®: ZrINb, B: ZIRLO, A: Zry- 4W.

alloys, ZIRLO and Zry-4W, an indication of similar
tendency can be seen, but the number of samples is too
small for arriving at any definite conclusion. This is in
accordance with the findings of Cox et al. [6], who could
show by metallographic investigation of thick oxide
layers that the layers consist of a black, highly conduc-
tive hypostoichiometric layer next to the metal-oxide
interface, and of a thicker, white layer near the surface
of high resistivity. The p = f(w) dependence in Fig. 14
then could be explained by varying contributions of the
black and white oxide type.

It is plausible that when the oxide layer begins to
grow, the black, highly conductive form below the white
surface layer, develops slowly at first, and after reaching
a certain thickness its growth rate diminishes, whereas
the white, high resistive oxide continues to grow and
predominates at larger thicknesses. Further confirma-
tion of this hypothesis is given in Fig. 15, where the
values of free carrier concentrations, computed from the
second-order term of the I~V characteristics and con-
tained in Tables 3 and 4, are plotted as a function of the
oxide layer thickness. It can be assumed that the free
carrier concentration n originates from oxygen vacancies
acting as traps. The substoichiometric black layer near
the metal-oxide interface remains nearly constant at
subsequent growth of stoichiometric white oxide which
is nearly without oxygen vacancies. Therefore the

Table 3
Observed values for ZrINb 1753 ... (dark coloured, thin layers of the first kind)

Sample Oxidation® w (um) Electrode & (&) E (eV) po (Qcm) Pao (Qcm) Uy (mV)
time (d)

142 s 2.59 Ag 13.3 1.33 812 2.2 x 10
1 Ga 14.5 1.15 3.3 x 10* 2.5 x 10

149 Same 2.26 Au 20 1.5 46.7 8.1 x 104 230

133 s+ w 2.93 Ag 25.5 0.79 1.3 x 10° 1.3 x 10
1+1 Ga 10? - - -

C 22 - - -

134 Same 2.96 Au 26 1.3 149 2 x 10" 190

126 S+ w 343 Ag 31.5 2.07 0.00127 7.1 x 10 210
1+3 Ga 32 1.38 4.5 54 x 10" 200

C - 1.49 14.5 9.4 x 101 300

127 Same 3.44 Au 33 1.0 1.5 x 10* 6 x 1012 240

045 w 1.83 C 25 0.15 6.1 x 108 1.2 x 1010 3
21

046 Same 1.84 Au - - - -

041 w+s 3.17 C 23 0.8 4.4 x10° 3.3 x 10'2 2
21 +1

040 Same 2.99 Au 33 1.0 1.4 x 10* 7.8 x 10'2 8.3

035 W+Ss+w 3.21 C 23 0.79 1.2 x 10° 7.4 x 10'? 4
21+ 141

033 Same 3.14 Au 19 0.98 4.1 x 10* 1.1 x 10" 11.2

027 wW+Ss+w 3.33 C 21.5 0.87 3.2 x 10° 9.5 x 10! 9
21+1+3

025 Same 2.99 Au 23 0.77 8 x 10° 2.5 x 102 32

#Oxidation: w (water at 360 °C), s (steam at 500 °C).
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Table 4

Observed values for ZrINb, ZIRLO and Zry-4W (light coloured, thick layers of the second kind, Ga and Ag electrodes)

Sample Oxidation® w (um) & () E (eV) po (Qcm) P (Qcm) n (cm™?) o (cm?/V's)
time (d)

ZrINb w 16.5 27 1.25 98.7 5.1 x 10" 4.6 x 10" 5.7 x 1078

1136057

ZIRLO w 24.9 29 1.28 381 3.1 x 10" 4.5 x 10" 3.1 x 1078

2136057

Zry-4W w 25.3 22 1.22 3993 1.2 x 10 4.4 x 108 1.9 x 107°

3136057

ZrINb s 40.3 27 1.35 235 8.6 x 1013 1.6 x 10" 42 %107

1240013

ZIRLO s 62.2 23 1.65 0.729 1.2 x 10" 1.3 x 10" 1.4 x107°

2240013

Zry-4W s 24.2 22 1.28 1.15 x 106 6.7 x 10" 9.2 x 102 1 x1071°

3240013

ZrINb s 630 111.9 22 1.83 0.697 5% 101 1.9 x 102 7.8 x 107°

1245023

ZIRLO s 462 179.6 17 2.05 0.109 3.7 x 10 3.4 x 10" 2.3 x107°

2245030

Zry-4W s 38.6 50.7 53 1.4 672 7.3 x 10 1 x 10" 1.8 x107°

3245062

ZIRLO 70 ppm Li 5.46 21 1.86 0.0169 1.6 x 10 6 x 1013 42 x 10710

2336027

Zry-4W 70 ppm Li 6.61 17 1.29 348 4.2 x 108 2.3 x 10" 8.5x 107

3336027

#Oxidation: w (water at 360 °C), s (steam at 400 and 450 °C, respectively), 70 ppm Li* (water + LiCO3, 360 °C).
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Fig. 15. Mean carrier concentration n computed using coeffi-
cient a of second-order polynomial of I~V characteristics (Eq.
(4)) plotted against the oxide layer thickness w. (Thin layers of
ZrIND only.)

number of carriers remains almost constant, but is dis-
tributed at larger layer thicknesses over a larger volume,
thereby decreasing the mean carrier concentration
shown in Fig. 15. The power law dependence n ~ w3

for ZrINb samples corresponds well to p ~ w?® of the
same samples in Fig 14, implicating a nearly equal car-
rier mobility at room temperature. The number of
ZIRLO and Zry-4W samples is too small to insert lines
of linear regression for meaningful conclusions.

3.4. Confirmation of the Meyer—Neldel rule (MNR)

Since ZrO, is a high-resistivity oxidic semiconductor,
it is reasonable to expect that the MNR would apply.
Meyer and Neldel [15] found that the experimentally
assessed temperature-dependent conductivity of high-
resistivity semiconductors, whose conductivity is lower
than 0.01 S/cm and activation energy E > kT, obeys a
simple relationship between activation energy and pre-
exponential factor.

According to Yelon et al. [16], who described the
origin and consequences of the compensation (Meyer—
Neldel) law, the MNR applies to groups of related ac-
tivated processes (electronic processes in amorphous
semiconductors, trapping in crystalline semiconductors,
conductivity in ionic conductors, annealing processes,
etc.) for which a measured property X is given by

X = Aexp(—E/kT). (6)

When the activation energy E varies, the pre-exponential
factor 4 obeys the equation
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In4 =a+ fE, (7

which is the MNR, as described in [15,16]. Here « and f8
are positive constants, characteristic for the semicon-
ductor in question. The activation energy E is not a
material constant, in fact it is determined by the energy
difference between the lattice defects and the lower edge
of the conduction band. In Fig. 16 the observed acti-
vation energies E for the series of specimens, listed in
Tables 3 and 4, are plotted as a function of In 4, where
A = 1/p, is the pre-exponential factor in the exponential
temperature dependence of conductivity/resistivity. Al-
though A spans a wide range of 12 orders of magnitude,
the experimental values of E for Zr1Nb follow a straight
line.

The observed values of ZIRLO and Zry-4W alone lie
almost on the same straight line, but are too few for
separate MNR lines.

The constant « is a complex function of several
variables including the defect formation energy, oxygen
pressure, electron mobility, etc. The interpretation of f§
is simpler:

B = e/2kT. (8)

The slope of the straight line in Fig. 16 is 14.9 £ 0.04,
so that 7j = 388 K (115 & 10 °C). Of higher importance,
however, is the isokinetic energy Ey = kTp = 33 meV.

10

InA (S/cm)
&
."\
L
>
N
<
E-N
=
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Fig. 16. Confirmation of the MNR. The logarithm of the pre-
exponential factor 4 is a linear function of the activation energy
E. Full line for Zr1Nb. Samples of ZIRLO and Zry-4W would
give similar slopes, but are too few for exact evaluation. Point P
taken from Fig. 3 of Ref. [3] is added, confirming the MNR
[15]. The points O for Zircaloy-2, and X for Zircaloy-4 are lying
outside the MNR for our samples, which may be due to dif-
ferent alloy composition.

The observed differences of resistivity and activation
energy obtained with different electrode metals remain
an open question. Although the results of Howlader
et al. [3] were not influenced by the choice of the elec-
trode metal, Cox [5] found a definite influence of elec-
trode metals. At very low activation energies, as in the
specimens of [3], the work function of the electrode
metal is of minor importance, but at samples with higher
activation energies the work function of the electrode
metal will influence the carrier injection. This means that
a potential step exists at the metal-oxide interface which
will influence the current flow.

The importance of the MNR consists in the fact that
different electrode metals, giving different values of ac-
tivation energy and resistivity on the same specimen, will
nevertheless have points lying on the same MNR
straight line with common isokinetic energy.

The MNR implies that all specimens possess the
same conductivity at the isokinetic temperature 7, [16],
and all lines of the temperature-dependent conductivity
intersect in that point. This behaviour, called the isoki-
netic rule, has been known to chemists since 1929 [17].
The measured straight lines of logp = f(1/T) plotted
together show indeed intersection at the isokinetic tem-
perature in the vicinity of 100-120 °C.

Yelon et al. [16] investigated the origin of the MNR
and found that the compensation law, Eq. (7), follows if
the activation entropy is proportional to the activation
enthalpy.

Surprising is the wide range of activation energy
values, 0.15-2 eV in this study, which is probably due to
the varying oxygen concentration in the oxide layer.
Howlader et al. [3] reported very low activation energies
from measurements in vacuum, which may be the cause
of reduced oxygen contents. Charlesby [8] observed en-
ergies from 0.03 to 0.06 eV for reduced stabilized zir-
conia at low temperatures. At higher temperatures [3]
the energy increased, reaching about 1 eV.

The activation energy of Improved Zircaloy-2, as
taken from Fig. 3 in [3], is about 0.11 eV, which gives
A =3 x 107" S/cm for a conductivity of about 3 x 10!
S/m, fitting adequately our MNR straight line in Fig. 16
(Point P). Zircaloy-2, and Zircaloy-4 have zero activa-
tion energies at room temperature, and a conductivity of
about 2 x 107 S/cm or In 4 = —31.5, and 4.5 x 10~#
S/cm or InA = —-30.7, respectively. The pertaining
points are lying somewhat outside our NMR straight
line which may be due to a different composition of the
alloys. The observed hysteresis of the conductivity may
be due to the variation of the oxygen in the zirconium
oxide matrix during measurements inside the bell jar,
producing a very low value of 4, which is also called the
quantity factor (Mengenkonstante in [15]) because it
involves the concentration of active lattice defects.

It is conceivable that above the critical temperature
To (115 °C in our case), changes in the lattice defect
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concentration may take place due to the effect of oxygen
when performing the measurements in open air. There-
fore at first our measurements were limited to 100 °C, so
as not to endanger the state of the existing frozen-in
lattice defects. Nevertheless measurements up to 220 °C
in air did not seem to change the behaviour of the
samples as long as no higher voltage was applied, to
measure the /-V characteristics, was applied. But at 10 V
currents, the resistivity irreversibly increased by half an
order of magnitude, and the open-circuit voltage U, was
lowered (Figs. 8 and 9). In order to investigate the in-
fluence of non-stoichiometric oxygen contents in our
specimens, annealing experiments in oxidizing and re-
ducing atmospheres at temperatures up to the original
oxidation temperature are planned. Merino and Orera
[20] showed that thermochemically reduced zirconia
stabilized with yttria developed an electronic conduction
at low temperatures due to intrinsic electron traps.

In addition to the oxygen-vacancy complexes, there is
a certain probability that the alloying elements will act
as donor or trap centres. Inagaki et al. [7] mentions the
possible influence of alloying additions. We had a sam-
ple of Zry-4W on which there was a brown tarnished
spot of irregular form of about 10 mm? area, which was
probably due to iron oxide contamination in the auto-
clave. Measurements at the clean surface showed a re-
sistivity of 6.7 x 10'> Qcm at room temperature with
activation energy of 1.28 eV, whereas at the brown spot
the values were as low as 8.7 x 10'° Qcm and 0.57 eV,
respectively.

4. Conclusions

It has been demonstrated that the electric current
decrease on the application of potential to electrodes on
the oxide layers of tubes made of zirconium alloys is due
to injection currents building up a space charge which
can be extracted again as short-circuit current with a
hyperbolic time decrease. This space charge is a linear
function of the applied voltage. Due to the space charge
formed, the current in the equilibrium state is space-
charge limited, obeying Child’s law. The total current is
composed of a linear, Ohmic part, and of a non-linear
part, increasing with the applied voltage squared, and
sometimes of a constant part of short-circuit current.
The I-V characteristics are therefore non-linear, with a
stronger curvature for the negative polarity at the zir-
conium electrode. The sense of the small rectification
effect gives evidence of the electronic nature of the
conduction process. Neither the log I = f(U'/?) plot nor
the log I/U = f(U"?) plot was linear, as would be ex-
pected for the Schottky emission model and the Poole—
Frenkel effect, respectively. This confirms the dominance
of space-charge limited currents at higher voltages,
prevailing over the linear, Ohmic part of the current

which dominates at lower voltages. A small fraction of
the current is ionic in nature and manifests itself at
higher temperatures by the existence of short-circuit
current and open-circuit voltage with the result that
the I-V characteristics do not pass through the origin.
The conductivity/resistivity must be calculated from the
linear part of the temperature-dependent /-J charac-
teristics. Plotting the activation energy E against the
logarithm of the pre-exponential factor A4 in the expo-
nential relation for conductivity, a straight line is ob-
tained, confirming the MNR. From the slope of the
MNR line the isokinetic temperature 7, = 115 °C was
derived.

The oxide films are not homogeneous, but consist of
a substoichiometric black oxide layer of high conduc-
tivity near the metal-oxide interface, and of an almost
stoichiometric white layer of high resistivity [6]. At lar-
ger film thicknesses the high resistivity layer is domi-
nating. The competition of both layer types produces a
conductivity maximum for layers about 5 pm thick.
Fully oxidized colourless layers are of monoclinic
structure, whereas substoichiometric black layers with
oxygen deficiency can have a tetragonal structure [21].
Moreover, part of the layer near the surface can be
porous [6] so that sprayed-on electrode material could
enter into the pores and alter the effective thickness of
the layers. The relative permittivity computed from ca-
pacitance measurements of specimens of different elec-
trode metals often deviated from the accepted value of
& = 22 for bulk zirconium oxide. This may be due partly
to porosity of the layers or to wetting difficulties of the
contacts, or to inhomogeneities of the layers [6]. Oxi-
dation in aqueous surroundings leads to the develop-
ment of hydrogen which can enter the bulk and when the
terminal solubility limit is reached hydrides precipitate.
The mechanical properties of Zircaloy are degraded
when hydrides are present in the metal [18]. Hydrogen
present in the oxide can form an impurity level in the
band gap [19].

As a final result it can be concluded that zirconium
oxide is an electronic high-resistivity semiconductor with
extremely low, but with temperature increasing, mobil-
ity. The oxide layers of the specimens were inhomoge-
neous, consisting of a substoichiometric part of a black
layer of relatively high conductivity near the metal-oxide
interface, and of a lightly coloured stoichiometric part
near the surface of high resistivity. The completion of the
two types of layer composition leads to a maximum in
conductivity for layers about 5 um thick (Fig. 14). The
relatively high electron concentration is independent of
temperature and originates from oxygen vacancies ex-
isting predominatingly near the metal-oxide interface.
The current is space-charge limited and the conduction
mechanism is assumed to be a hopping process of elec-
trons between oxygen vacancy traps. Also there exists a
low ionic conduction part. The MNR is obeyed.
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