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Abstract

Thin oxide layers of Zr1Nb and Zry-4S on tubes, used for fuel cladding in light water reactors, which had been
protected by thin gel films, were compared with oxide layers on unprotected specimens of the same kind, grown together
in two batches in water at 360 �C for 21 and 42 days, respectively. The analysis of the I–V characteristics at constant
temperatures up to 180 �C showed a strong decreasing resistivity with oxidation time of the gel-protected layers of the
Zry-4S specimens, with indication of an energy dependent trap distribution, although the gel and the oxide alone showed
evidence of single, but different, energy traps. The changes are believed to be due to diffusion of different trap centers
in both directions. The Zr1Nb specimens retained their single energy trap behaviour also in the combination with the
protecting gel film and resistivity dropping with increasing oxidation time.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The results presented in this paper were achieved
continuing the investigation of the transport proper-
ties of oxide layers of zirconium alloys described
earlier [1]. Zirconium alloys are being used in
nuclear light water reactors as fuel cladding and
channel box materials because of their enhanced
corrosion resistance [2,3]. In a high-temperature
aqueous environment, oxides are formed by diffu-
sion of oxygen ions through the built-up oxide layer,
combining with zirconium ionized by electron emis-
sion [4]. The corrosion of zirconium is due to oxide
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formation by the transfer of electrons from the
metal to water, with oxygen ions flowing in the
opposite direction. The corrosion rate depends
largely on the electron motion, which is governed
by the electrical conductivity of the oxide layer.
The rate of oxide growth depends on the resistance
of the already built-up layer, the thicker the layer,
the slower it will grow. It is therefore plausible that
an artificially applied oxide film will protect the
underlying metal, retarding the corrosion, and thus
lengthening the utilizable time of the cladding. The
investigation of the electrical properties of the
oxide, especially of the double layer consisting of
the protecting surface layer and the underlying
growing oxide layer, is therefore of interest for
understanding the mechanism of oxide formation
and corrosion resistance. Howlader et al. [4]
.
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concluded that electron conduction dominates the
electrical conductivity of Zircaloy oxide films. It is
well known [4–6] that ZrO2 is predominantly an
electronic high-resistivity semiconductor with a
low amount of ionic conduction. The band gap is
approximately 5 eV, the work function 4.0 eV and
the relative permittivity 22.

2. Samples

Tube specimens 30 mm long and of 9 mm outer
diameter prepared from zirconium alloys Zr1Nb
and Zry-4S in pairs, with and without applied gel
film, had been oxidized in water of 360 �C, the first
two pairs for 21 days, and the second two pairs for
42 days. For determination of the properties of the
gel layer itself, one tube of Zr1Nb with applied gel
was left without oxidation.

The gel films were prepared by sol–gel synthesis.
The precursor for the sol was a mixture of isopropox-
ide Zr(IV) and isobutanole stabilized with 2,2 0-dieth-
anolamine, concentration n(DEA)/n(metal) = 1. The
viscosity was enhanced by adding polyvinylpyrroli-
done (PVP) with a concentration of n(PVP)/
n(metal) = 0.3max [12,13].

The films were formed in air by dip-coating with
a velocity of 3 mm/s on the thoroughly cleaned Zr
surface. The samples were dried at first 5 min in
air at 403 K and then annealed 15 min in oxygen
in a furnace at 400 �C. After cooling to room tem-
Table 1
Chemical composition (wt%) of used zirconium alloys

Nb Sn Fe Cr

Zr1Nb 1 – – –
Zry-4S – 1.46 0.2 0.1

Table 2
Characterization of the samples

Sample Short name Oxidation (days) G

T 1936017 Zr1Nb T-Zr1Nb-1 21 G
1936117 Zr1Nb Zr1Nb-1 21 –

T 41 (Zr1Nb) T-41 – G

T 4936017 Zry-4S T-Zry-4S-1 21 G
4936117 Zry-4S Zry-4S-1 21 –

T 1936025 Zr1Nb T-Zr1Nb-2 42 G
1936125 Zr1Nb Zr1Nb-2 42 –

T 4936025 Zry-4S T-Zry-4S-2 42 G
4936125 Zry-4S Zry-4S-2 42 –

Abbreviated sample names for shortness, T – tetragonal gel, 1, 2 – oxi
perature the coating process was repeated five times.
It was observed by Raman spectroscopy that the
samples retained their amorphous structure. The
thickness of the films was measured by means of a
Hommel Tester 1000 type profilometer on smooth
silicon surfaces to exclude the influence of surface
roughness on the Zr tubes.

The chemical composition of the samples is given
in Table 1 and the sample parameters are in Table 2.
3. Experimental

Vacuum evaporated gold electrodes 200 nm thick
and 6 mm diameter were not satisfactory, as there
appeared to be weak spots in the oxide films causing
shorts. Therefore painted-on contacts of colloidal
silver (Degussa Leitsilber 317) of about 2 mm diam-
eter were used, the smaller contact area having a
larger probability of avoiding weak spots. Out of
five contacts on a sample at least two were acceptable
after annealing in air at 180 �C. The specimens were
mounted in a small thermostat with a maximum
temperature of 220 �C. The abraded front ends of
the tubes of shining zirconium metal were in direct
contact with pressed-on copper electrodes, on which
a thermocouple was mounted for temperature
control. The current was measured with a two-elec-
trode arrangement, using only one contact to each
electrode. The contact resistance between the copper
electrodes pressed onto the metallic bulk zirco-
nium, being a fraction of an Ohm, compared to
the resistance of the samples of the order of 109 X,
is certainly to be neglected, the same being true
for the resistance between the silver electrode and
the pressed-on 0.3 mm thick phosphorbronze
contact spring. A stabilized voltage source could
el Thickness (lm) Oxide (lm) Gel (lm)

el 4.02 2.35 1.67
2.81 2.81 –

el 1.5 – 1.5

el 3.26 1.48 1.78
1.78 1.78 –

el 4.97 2.98 1.99
3.27 3.27 –

el 2.81 1.5 1.31
1.84 1.84 –

dation 21, 42 days.
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be connected with the positive terminal to the zirco-
nium metal contact, while the negative terminal was
earthed to the pico-amperemeter common. The
input terminal was connected via a contact spring
to the silver electrode. The voltage drop of the
pico-amperemeter was limited to 10 mV max. and
could be neglected for source voltages larger than
2 V.

After painting on, the silver contact was left to
dry in air at room temperature for several hours,
and was then slowly heated in the thermostat with
a rate of about 1 �C/min. The short-circuit current
was measured without application of external volt-
age, and the open-circuit voltage assessed by com-
pensation of the short-circuit current. Readings
were taken in steps of 5 �C, up to 180 �C. After
the first heating, which served to anneal the silver
contact, the same procedure was repeated after
cooling down to room temperature and the values
of the short-circuit current and open-circuit voltage
were used to plot logq = f(1/T) and to compute the
activation energy. The observed short-circuit cur-
rent is due to a continuing oxidation of the zirco-
nium in air at elevated temperatures [1].

Then the capacity was measured with a TESLA
BM 498 type capacitance bridge operating at
1000 Hz with a 0.1% precision. Afterwards the I–V

characteristics were measured, first at room temper-
ature and then at constant higher temperatures from
40 to 180 �C with 20 �C steps. The voltage was
applied in steps of 1/10 of the maximum voltage,
which was chosen individually for each sample in
such a way as to avoid overstraining of the contact,
meaning that the space-charge limited current at the
maximum voltage was about 10 times higher than
the current of the linear, ohmic part. Although there
exists a small asymmetry in the complete I–V char-
acteristics due to a certain rectifying effect, only the
forward voltage branch, with the positive voltage
terminal connected to the zirconium metal, was
measured. As a consequence of the small thickness
of the oxide layers, the injection process was soon
terminated, and constant current was reached after
a few minutes.

The I–V characteristics of high-resistivity semi-
conductors start at low voltages with a linear part
obeying Ohm’s law. At application of higher volt-
ages the current rises faster due to the injection of
majority carriers building up a space charge. The
current develops a space-charge limited additional
part. The measured current values can be fitted to
a second order polynomial
I ¼ aU 2 þ bU þ c: ð1Þ

The zero-current expressed by the constant c can be
observed above room temperature as a consequence
of temperature-activated liberation of trapped elec-
trons and/or continuing oxidation in air. The space-
charge limited current Isc, i.e. the first term in Eq.
(1), obeys Child’s law [7]

I sc ¼
9

8
ee0AlU 2=w3 ¼ aU 2; ð2Þ

where ee0 is the relative and vacuum permittivity,
respectively, A is the contact area, l is the mobility
of the free carriers, U the applied voltage and w the
layer thickness. The transition from the linear to the
square part Isc occurs at the characteristical voltage
Uch, when the rising space-charge limited current
equals the linear ohmic part Io = bU, i.e.

AU 2 ¼ bU ; or U ¼ U ch ¼ b=a: ð3Þ

The ohmic current is

Io ¼ U=R ¼ Uen0lw=A: ð4Þ

The characteristical voltage Uch, using Eqs. (2) and
(4), yields

U ch ¼ en0w2=ee0: ð5Þ

By this expression the concentration n0 of the free
carriers can be obtained,

n0 ¼ U chee0=ew2: ð6Þ

This is a simple way to assess the concentration of
the free carriers n0 which, with knowledge of the
resistivity q measured in the vicinity of the origin,
yields also the mobility l.

An other way to assess the mobility is using Eq.
(2) directly.

In the presence of traps with the concentration
Nt(s) at a single energy level Es, Eq. (2) is changed to

I sc ¼
9

8
ee0lA

NC

N tðsÞ
exp � Es

kT

� �
U 2

w3
; ð7Þ

where NC is the effective density of states in the con-
duction band. If the current is measured at a con-
stant voltage as the function of temperature, then
plotting log I = f(1/T) appears as a straight line with
the slope yielding the activation energy Es of the
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traps. Measurement of the temperature dependence
of the current at various constant voltages yields as
many straight lines, which will be parallel, i.e. all
having the same slope giving the same activation en-
ergy. This indicates that there is only one type of
traps at a single energy level Et(s). With traps the
characteristical voltage changes to UF

U F ¼ U ch=h; ð8Þ

where h = NC/Nt(s) = n/nt is the ratio of free to
trapped charge [8]. When the Fermi level EF rises
over the trap level, the traps are flooded and the
current rises with a higher power when the voltage
exceeds UF. The concentration of the traps can then
be computed using

U F ¼ eN tðsÞw2=ee0: ð9Þ

Instead of traps on a single energy level there can be
traps distributed exponentially below the conduc-
tion band edge. For this case Lampert [9] has shown
that the space-charge limited current is given by

I ¼ elNCA
ee0

eP 0kT t

� �l Ulþ1

w2lþ1
; ð10Þ

here P0 is the trap density per unit energy range at
the conduction band edge and l is the ratio Tt/T
where Tt is a temperature parameter characterizing
the exponential trapping distribution

P ðEÞ ¼ P 0 expð�E=kT tÞ; ð11Þ

where P(E) is the trap density per unit energy range
at an energy E below the conduction band edge. The
total trapping concentration Nt is given by Gould
and Rahman [10] as

N t ¼ P 0kT t: ð12Þ

On the basis of the above expressions Gould [11]
showed that log I versus 1/T were straight lines for
a given sample, when extrapolated to negative val-
ues of 1/T, will intersect at a common point whose
coordinates are

log I ¼ e2lwN CN tA
ee0

� �
; 1=T ¼ �1=T t: ð13Þ

The slopes of the lines are given by

dðlog IÞ
dð1=T Þ ¼ T t log

ee0U
ew2N t

� �
; ð14Þ

which means that the slope is dependent on the
measuring voltage. Therefore the lines are not para-
llel but are converging in the direction of higher
temperatures and, extrapolated, will meet at a
common intersection point. The intercept on the
log I axis (log I0) is given by

log I0 ¼ logðelNCU=wÞ: ð15Þ

I0 represents the current at infinite temperature
(1/T = 0), and is a theoretical abstraction, but is
given by the constant b in the equation for the line
log I = a(1/T) + b for 1/T = 0. Using the set of
Eqs. (13)–(15), the main parameters l, Nt and Tt

may be obtained.
4. Results and discussion

4.1. Influence of gel film on oxide growth rate

From Table 2, it follows that the thickness of the
oxide under the protecting gel film was lower by
16.5% for both kinds of zirconium alloys after
21 days of oxidation time. After 42 days of oxida-
tion the protecting effect was 8.9% in the Zr1Nb
sample, whereas in Zry-4S it was 18.5% which, with
regards to the different gel film thickness, is practi-
cally the same effect as found in the 21 days samples.
It is surprising that in the Zry-4S samples the oxide
thickness remains almost unchanged, although the
oxidation time increased twice. However, this result
was not confirmed for further samples.
4.2. Relative permittivity

The diameter of the painted silver electrode, not
being exactly circular, was estimated by means of
a slide rule with an error of ±0.1 mm, and the
capacitance was measured after annealing at
180 �C in air. The extremely low value of the relative
permittivity is hard to explain. It can be seen that
the added gel influences the permittivity of the dou-
ble layers only by about 10% for both alloys, and
the samples of Zr1Nb have higher values by about
35% than those of Zry-4S. It is interesting to note
that the samples of Zr1Nb have quite a normal
permittivity of about 20, whereas with half the
oxidizing time they had only half this value. The
samples of Zry-4S had a far less increase of the per-
mittivity (from about 6 to 9), but remained at less
than half of the normal bulk value. The main result
is that the permittivity of the gel film does not differ
substantially from the value of the oxide and there-
fore does not influence markedly the permittivity of
the double layer (Table 3).



Table 3
Relative permittivity of the samples oxidized 21 and 42 days

Sample (21 days) Gel w (lm) er
a Sample (42 days) Gel w (lm) er

a

T-Zr1Nb-1 Gel 4.02 11.3 T-Zr1Nb-2 Gel 4.97 18.5
Zr1Nb-1 – 2.8 9.8 Zr1Nb-2 – 3.27 22
T-Zry-4S-1 Gel 3.26 7.0 T-Zry-4S-2 Gel 2.81 11.3
Zry-4S-1 – 1.78 6.6 Zry-4S-2 – 1.84 8.2
T-41 Gel 1.5 10.0 (single gel film on Zr1Nb, without oxidation)

a Error 10%.
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4.3. Short-circuit current and open-circuit voltage

Measurement of the short-circuit current I0 and
the open-circuit voltage U0 as function of slowly
rising temperature showed the current to increase
exponentially, while the open-circuit voltage grew
linearly, starting at about 60 �C. Below this temper-
ature neither U0 nor I0 could be observed (the open-
circuit voltage was assessed by compensation of the
short-circuit current, with a precision of 0.1 pA). All
samples of Zr1Nb, with and without gel film,
showed a similar behaviour with a rate of about
2 mV/�C, reaching 200 up to 300 mV at the maxi-
mum temperature of 180 �C. The flowing diffusion
current develops U0 as the voltage drop across the
resistance of the oxide layer.

The samples Zry-4S had an especially low short-
circuit current, due to high resistivity and a very low
open-circuit voltage. A summary of the properties is
given in Table 4.
0
0 1 2 3 4 5

voltage  (V)

40

20

Fig. 1. Typical example of measurement of I/V characteristics
(positive branches only) at constant temperatures, T-Zr1Nb-1,
(with gel, oxidized 21 days), 20 �C steps, curves fitted to second
order polynomial (see Table 5).
4.4. Temperature dependence of the I–V
characteristics, samples oxidized 21 days

The measurement of the positive branch of the
I–V characteristics at constant temperatures was
the main source of information. To show the proce-
dure of assessing the transport parameters, e.g. of
sample T-Zr1Nb-1 with gel, oxidation time 21 days,
Table 4
Temperature dependence of the open-circuit voltage U0 of the samples

Sample tox (days) Gel dU0/dT (mV/�

T-Zr1Nb-1 21 With gel 2.2
Zr1Nb-1 21 – 1.7
T-Zry-4S-1 21 With gel –
Zry-4S 21 – 1.3
T-Zr1Nb-2 42 With gel 0.14
Zr1Nb-2 42 – 2.5
T-Zry-4S-2 42 With gel 0.06 (3)
Zry-4S-2 42 – 1.1

a Higher U0 at 190 �C.
the positive branches of the I–V characteristics are
presented in Fig. 1 in half-volt steps with 20 �C tem-
perature increments. At zero applied voltage, and
temperatures above 80 �C, zero-currents could be
observed. In Table 5, the coefficients a, b, c of the
fitted second order polynomials according to Eq.
(1) are cited, together with the values of resistivity,
mobility and free carrier concentration, using Eqs.
(2)–(6) for computation. The temperature depen-
dence of the resistivity of Zr1Nb-1 without gel was
found to be similar to the sample with gel. In both
C) U0(max) (mV) At T (�C) E (eV)

250 180 1.03
190 180 1.05
–
40 130 –
20 170 0.43
300 180 0.63
8 (60) 150 (195)a 0.83
120 160 –



Table 5
T-Zr1Nb-1, data of I = aU2 + bU + c from Fig. 1 to compute q, l, n = f(T)

T (�C) a (pA/V2) b (pA/V) c (pA) R2 q (X cm) l (cm2/V s) n (cm�3)

20 0.0429 1.2546 0.0699 0.9996 5.1 · 1013 7.7 · 10�11 1.6 · 1015

40 0.2886 1.8571 0.1867 0.9962 3.6 · 1013 5.2 · 10�10 3.5 · 1014

59 1.7492 1.7486 0.214 0.9979 3.6 · 1013 3.1 · 10�9 6.6 · 1013

78 3.4289 3.3846 0.8902 0.9986 1.8 · 1013 6.2 · 10�9 5.1 · 1013

97 6.5268 8.166 3.6573 0.999 7.7 · 1012 1.2 · 10�8 1.5 · 1014

117 7.3287 41.029 7.3007 0.999 1.5 · 1012 1.3 · 10�8 3.2 · 1014

136 16.298 133.49 23.664 0.999 4.7 · 1011 2.9 · 10�8 4.6 · 1014
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cases the slope of the logarithm of the resistivity is
practically the same, 1.03 eV and 1.05 eV, respec-
tively. As also the values of the resistivity are nearly
equal, the gel film can be considered to have similar
properties as the underneath growing oxide layer.

The currents, taken from the measured I–V char-
acteristics of the sample T-Zr1Nb-1 in Fig 1, can be
arranged as temperature functions of the form
log I = f(1/T)U with the voltage as parameter. The
formed parallel straight lines shown in Fig. 2 indi-
cate according to [10] the existence of only one kind
of traps lying at a single energy level below the
lower edge of the conduction band.

The most important result is the finding that the
gel film did not markedly influence the properties of
the growing oxide layer of Zr1Nb with the exception
of retarding the growth.

Measurements at constant temperatures of I–V

characteristics of the gel film of 1.5 lm thickness
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Fig. 2. Data of Fig. 1 arranged in the form of logI = f(1/T)U to
show the temperature dependence of the current at constant
voltages (0.5 V steps); at voltages over 2 V, where charge limited
current prevails, parallel straight lines can be put through the
measuring points, indicating a single energy trap level.
deposited on Zr1Nb without oxidation gave similar
results as the measurement of the oxide layer of
Zr1Nb alone. The logarithm of the current at con-
stant voltages as functions of the reciprocal absolute
temperature, shown in Fig. 3, gave parallel straight
lines [10] indicating only one kind of traps at a sin-
gle energy level at 1.08 eV, similar to Zr11Nb-1
alone, thus supporting the similarity of the gel film
and of the oxide on Zr1Nb. Also the activation
energy of oxide and gel film is nearly the same,
1.05, and 1.08 eV, respectively.

Contrary to Zr1Nb, the samples of Zry-4S had
oxide layers quite different from the gel film. In this
case we have a double layer of a gel film and, under-
neath, a different growing oxide layer. Assuming no
interaction between both layers the resulting resis-
tance R of their combination should be the sum of
the resistances of the constituents of area A and,
knowing their thickness and temperature dependent
resistivities, can be computed,

R ¼ Rox þ Rgel ¼ ðqoxwox þ qgelwgelÞ=A: ð16Þ
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Fig. 3. Temperature dependence of logI at constant voltage
(0.5 V steps) of singe gel film T-41 gel; parallel straight lines
indicate a single energy trap level.
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Fig. 4. Temperature dependence of current at constant voltages
on Zry-4S-1, steps 0.5 V, parallel straight lines, traps on a single
energy level.
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Fig. 6. Comparison of the measured and computed temperature
dependent resistances of the double layer of T-Zry-4S-1, on top is
the measured resistance of the double layer, below the sum
R(gel + oxide) with the computed resistances of the constituents.
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The temperature dependence of the current at con-
stant voltages of the sample Zry-4S-1, log I =
f(1/T)U, is shown in Fig. 4, the straight lines indicate
a single trap level at 0.5 eV. But on the sample
T-Zry-4S-1, shown in Fig. 5, there is a protecting
gel film forming a double layer, and the straight
lines put through the measuring points are converg-
ing instead of being parallel, as in the sample with-
out a gel film. The resistance of its components can
be computed using data of Figs. 3 and 4 and their
sum be compared with the resistance of the layer
of T-Zry-4S-1 in Fig. 6. The directly measured resis-
tance of the double layer is somewhat higher than
-1
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Fig. 5. Temperature dependence of current at constant voltages
(0.5 V steps) of T-Zry-4S-1, showing converging straight lines.
the sum of the computed resistances of the oxide
part and of the gel part, but with the same trend.
The difference could be taken as indication of possi-
ble interaction between gel and oxide layer.

The oxide layer and the gel film in the double
layer of T-Zry-4S-1 have different, but single energy
trap levels, expressed as parallel straight lines with
different slopes, as can be seen in Figs. 3 and 4,
but acting together in the double layer, the straight
lines of log I = f(1/T)U in Fig. 5 are not parallel.
With rising voltage the Fermi level will move
upwards, beginning at the high level of over 1 eV
of the traps in the gel film, thus producing the steep-
est lines, and at higher voltages will get nearer to the
lower energy traps of 0.5 eV of the oxide layer, thus
producing lines with lesser slopes. The decreasing
slopes of the straight lines show how with increasing
voltage U the influence of the traps with
Ege1 = 1.08 eV in the gel film is consecutively substi-
tuted by the influence of the traps with Eox = 0.5 eV
in the oxide layer. The extrapolated lines in Fig. 5
will intersect at a point, simulating in accordance
with Gould’s theory [10] an exponential energy dis-
tribution of traps. But as the intersection point lies
in the positive section of the reciprocal temperature,
Gould’s [10] theory cannot be used to compute the
trap concentration.

The influence of the gel film is also apparent in
Fig. 7, where up to 85 �C the oxide layer predomi-
nates in the temperature dependence of the resistiv-
ity, producing the low activation energy, and the
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higher energy of the gel film centers is activated at
higher temperatures resulting in the high value of
the observed activation energy.

4.5. Temperature dependence of the I–V

characteristics, samples oxidized 42 days

The measuring procedure was the same as for the
samples of the first batch. The temperature depen-
dence of the resistivity for Zr1Nb-2 is very similar
to that of the gel film, where there also is observed
a sharp drop in resistivity of the same order of
magnitude and a temperature independent carrier
concentration. This indicates the same consistency
of the gel film and of the oxide layer on Zr1Nb. It
was therefore to be expected that the properties of
a combination of both gel film and oxide, in the dou-
ble layer of sample T-Zr1Nb-2, would also be the
sum of the properties of the constituents, as had been
found in the 21 days oxidized double layer of
T-Zr1Nb-1. The resistance of the double layer of
the sample was assessed directly by measuring the
current at 0.1 V with rising and falling temperature,
the rate of temperature change being about 1 �C/
min. The diameter of the silver contact had to be
only 1.0 mm to avoid weak spots on the surface of
the layer causing shorts. But in Fig. 8 there is shown,
in the lower curve, the measured resistance of the
double layer and, in the upper part, the computed
resistances of the oxide layer and the gel film and
their sum, which is different. The main result is the
finding that the measured resistance of the double
layer is lower than the sum of its computed parts,
which means that both constituents had been lower-
ing their resistivity, but on the whole maintaining
their activation energy. This behaviour was not
apparent on the sample T-Zr1Nb-1 oxidized
21 days, possible changes being lost in the error mar-
gin. But after 42 days of oxidation the time was long
enough to cause measurable changes of the gel film
by interaction with the contacting oxide layer which,
vice versa, was influenced by the gel film.

Afterwards the sample Zry-4S-2, clean oxide layer
without a gel film, with a silver contact of 2.5 mm
diameter, was measured at room temperature yield-
ing a very high resistivity of 6.1 · 1014 X cm. Gradu-
ally rising temperature produced an extremely low
short-circuit current of 2.3 pA at 140 �C, and expo-
nential increase till over 160 �C. The open-circuit
voltage started at 70 �C with a linear slope of
1.15 mV/�C, reaching 120 mV at 160 �C, and then
rising faster. The resistivity remained nearly
unchanged up to 60 �C, and then dropped with an
activation energy of 0.94 eV. Although the tempera-
ture independent carrier concentration was with
2 · 1015 cm�3 unusually high, the conductivity was
nevertheless very low due to an extremely low mobil-
ity of 2.4 · 10�12 cm2/V s at room temperature.

The logarithm of the current at constant volt-
ages, taken from the measured characteristics, gives
straight lines shown in Fig. 9, parallel up to 3 V, but
slightly divergent for 4 and 5 V, indicating one kind
of traps at a single energy level.
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The dissimilar properties of the Zry-4S samples,
differing only in oxidation time, is hard to explain.
There are marked differences, in resistivity, mobility
and activation energy, as can be seen in Table 5 at
the end.

The properties of the sample T-Zry-4S-2 were
quite different from the sample without the gel film.
The resistivity was considerably lower, the open-cir-
cuit voltage was extremely low, only 0.06 mV/�C, as
well as the short-circuit current, but rising exponen-
tially at temperatures above 160 �C.

Measurement of the I–V characteristics at con-
stant temperatures in 20 �C steps up to 180 �C,
and supported by direct measurement of the current
at constant 0.1 V with continually rising tempera-
ture, gave the temperature dependence of the resis-
tivity with the activation energy of 0.87 eV.

In Fig. 10, the measured resistance of the double
layer of T-Zry-4S-2 is compared with the computed
sum of the resistances of the oxide layer (data taken
Zry-4S-2) and of the gel film. In consequence of the
preponderance of the extremely high resistivity of
the oxide layer of the comparing sample Zry-4S-2,
the sum Rox + Rgel ffi Rox� Rmeas. This indicates
the existence of interaction between the gel film
and the oxide layer, consisting of a very slow diffu-
sion of active centers in both directions, and result-
ing in a pronounced drop of resistivity of the
growing oxide film, as well as a lowering of the resis-
tivity of the gel film. The abnormally low resistivity
of the double layer was confirmed by subsequent
measurement of the resistance of several other con-
tacts with different areas A.
The temperature dependence of the logarithm of
the currents at constant voltages (log I = f(1/T)U),
data taken from the V–I characteristics, is presented
in Fig. 11. The resulting straight lines are converg-
ing, but due to measuring errors do not all meet
at a common intersection point. Therefore, as in
the sample oxidized 21 days, the coefficients A and
B of the interpolation equations log I = A(1/T) +
B representing the straight lines in Fig. 11 were plot-
ted as functions of the voltage parameter of the
straight lines, and corrected values Acor and Bcor

were computed from the regression lines.
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Taking two corrected lines log I = Acor(1/T) +
Bcor, for any two voltages e.g. for 0.1 V, and
0.5 V, respectively, the solution gives the intersec-
tion point at 1000/T = �2.66 (with a virtual temper-
ature of Tt = 376 K and a current It = 10 A), as can
be seen in Fig. 12. Contrary to the sample T-Zry-4S-
1 with an oxidation time of only 21 days, where the
intersection point was in the real temperature range
where, according to Gould’s theory [10] it should
not be found, in this case the intersection point lies
in the negative temperature range as would be
expected for an exponential energy distribution of
traps. Now Fig. 3 for the single gel film and also
Figs. 4 and 9 for the samples of Zry-4S without
gel film show parallel straight lines indicating traps
on a single energy level, but together in the double
layer, have converging lines characteristic of an
exponential energy distribution of traps. Different
kinds of traps in the gel film and in the oxide layer
of the Zry-4S samples can be expected to mix by
interdiffusion in the double layer and thus simulate
a mean trap distribution over a larger energy range
resembling an exponential trap distribution.

An extrapolated straight line with voltage U at
1/T = 0 has an interception point with the log I axis,
defining a current in the form of log I0 = Bcor.
Choosing U = 0.5 V, the responding value of Bcor

specifies the current I0 = 4.8 · 10�5 A and using
Eq. (15), with an assumed value of the density of
states of NC = 1 · 1021 cm�3, the mobility appears
to be 3.4 · 10�9 cm2/V s, which is of the right order
of magnitude.

The I–V characteristic at room temperature can
be represented by the interpolation formula

I(pA) = 3.5714U2 + 11.07U + 0.0286, which
yields q = 1.48 · 1013 X cm,
l = 7.5 · 10�10 cm2/V s and the concentration of
free carriers n = 5.1 · 1014 cm�3.

The characteristic voltage, where ohmic and
space-charge limited currents are equal, is Uch =
b/a = 3.1 V, giving with Eq. (5) n = 2.6 ·

1014 cm�3. Comparing l = 3.4 · 10�9 cm�3 and
n = 1.3 · 1014 cm�3, taken from the characteristics,
is of the same order of magnitude and with regards
to the assumed value of the density of states of fairly
good agreement. On the other hand, assuming
Gould’s Theory to be valid [10], the trap con-
centration, using Eq. (13) with NC = 1 · 1021 cm�3,
l = 3,4 · 10�9 cm2/V s, w = 2.78 · 10�4 cm, A =
0.048 cm2 and er = 12, would be Nt = 9.1 ·
1018 cm�3. This result can be verified by means of
Eq. (14) by comparing the slope of the straight line
in Fig. 11, which is Acor = �2.0 at U = 0.5 V, with
the right hand side of Eq. (14), being 376
log4.7 · 10�6 = �2000. This is equal to the deriva-
tive �2.0 on the left hand side of Eq. (14) by the
factor 1000, respecting the inverse absolute temper-
ature expressed in 1000/K, and supports the correct-
ness of the computation.

The density of states NC can be computed by
means of Eq. (15), using the intercept of the straight
line for 0.5 V with the y-axis in Fig. 12, being at
4.8 · 10�5 A. Taking the influence of the measuring
errors on the assessment of the intercept of the
straight lines in Fig. 12 into account, the result,
NC = 1 · 1020 cm�3, can be considered to be suffi-
ciently near to the assumed density of states of
1 · 1021 cm�3.

The formation of converging straight lines in
Fig. 12 could be understood as the action of traps
simulating an exponential energy distribution,
which had been created by interdiffusion of two dif-
ferent kinds of traps from the gel film and the oxide
layer by prolonged oxidation time. As there is no
real exponential trap distribution, Gould’s theory
[10] is not applicable and the seemingly good results,
achieved by using the intersection point of Fig. 12,
are fortuitous.
5. Conclusions

The main results can be stated as follows:

(a) The gel film protects the metal surface to a
certain degree, retarding but not inhibiting
the growth of an underlaying oxide layer.
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(b) The gel film and the oxide layer form a double
layer system, where different active centers
may mix by interdiffusion, thus changing the
properties of both gel film and oxide layer
after extended oxidation times.

(c) The oxides of the Zr1Nb samples had similar
properties as the overlying gel film, both had
practically the same resistivity, activation
energy, mobility and free carrier concentra-
tion. The double layer, after the shorter oxida-
tion time of 21 days, retains these parameters.
The gel film and the oxide contain no dopant
atoms (niobium does not form active centers)
and therefore there are only defects of the
ZrO2 lattice creating traps at a single energy
level below the conduction band edge. This
is supported by the voltage independent slope
of the straight lines of log I = f(1/T)U.

(d) Longer oxidation time (42 days) increases the
resistivity of the oxide by lowering the mobil-
ity at nearly unchanged carrier concentration
if left alone, but together with the gel film in
the double layer the resistivity decreases. The
resistance of the double layer is less than the
sum of the resistances of the gel film part
and of the oxide layer part computed from
the resistivities of the constituents which
means that the resistivities, of both the gel film
and of the oxide layer forming the double
layer, were diminished.

(e) In the Zry-4S samples the resistivity increased
also with oxidation time and decreased in
gel-protected layers. The main difference com-
pared with the Zr1Nb samples was the appear-
ance of converging straight lines of log I =
f(1/T)U in the gel-protected samples, although
the corresponding samples of the constituents
had parallel straight lines.

(f) The straight lines converging in a common
intersection point indicate the existence of
traps distributed over a certain energy range.
This can be interpreted as the influence of
different single energy trap levels in the gel film
and the oxide layer. The traps can be mixed by
interdiffusion in both parts of the double layer
after extended oxidation time, thus giving the
impression of an exponential energy trap
distribution.

(g) Application of Gould’s theory [10] to state the
trap concentration by analysis of the converg-
ing straight lines of log I = f(1/T)U is not
permissible and seemingly good results are
fortuitous.
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