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Electrical conduction in evaporated
terbium fluoride thin films
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The current—voltage characteristics of thin-film capacitors with evaporated terbium
fluoride dielectric have been studied as a function of temperature (in the range 300 to
418 K). For sufficiently high electric fields (> 10*V cm™), the leakage current is found
to increase exponentially with the square root of the applied electric field. Analysis of
the data suggests an electrode-limited mechanism such as that suggested by Schottky. It is
seen that the conduction mechanism is an activated process with the activation energy
decreasing with increasing field. Dielectric break-down and its dependence on film
thickness have also been investigated. Break-down field strength follows the Forlani—

Minnaja relation.

1. Introduction

In recent years, considerable interest has been
stimulated in the study of direct current conduc-
tion [1-3] and break-down phenomena [4, 5] in
thin dielectric layers because of their use in passi-
vated devices, field effect transistors and micro-
circuitry. Electrical conduction in rare-earth oxide
films has been studied by various workers [6—8].
Terbium fluoride films have been previously studied
to investigate the electroluminescence [9] and
dielectric [10] properties. In the work reported
here, an investigation of the current transport
mechanisms in TbF; films as a function of applied
voltage and temperature was performed. The di-
electric strength, which is of considerable import-
ance for device applications, has also been studied.

2. Experimental details

2.1. Fabrication of thin-film capacitors
Films were prepared by making use of a conven-
tional 12-inch vacuum coating unit at a pressure of
2.5 x 107 Torr. Pure aluminium (99.999 % purity)
was evaporated from a tungsten filament onto pre-
cleaned glass substrates through suitable masks to
form the base electrode. Terbium fluoride powder
of 99.9% purity (obtained from Indian Rare-
Earths Ltd.) was evaporated from a resistively
heated molybdenum boat to form the dielectric
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layer. An aluminium counter electrode was evapor-
ated onto the dielectric to form the MIM sandwich
structure (Al-TbF;—Al). The dielectric thick-
ness was measured by a multiple-beam interfero-
meter (Fizeau fringes). All the capacitors were
stabilized by prolonged aging and repeated anneal-
ing cycles at about 100°C. The structure of the
films has been identified as amorphous from X-ray
diffraction studies [10].

2.2. Direct current conduction
measurements
The current across the capacitor was measured in
vacuo as a function of the applied voltage at differ-
ent temperatures using a ECIL electrometer ampli-
fier (Model EA815) and a FET nanoammeter
(Aplab Model 5006). The temperature of the
sample was determined using a previously-calibrated
copper—constantan thermocouple.

2.3. Direct current break-down
measurements

The capacitor was placed in series in a circuit con-
sisting of a d.c. power supply, a potential divider, a
standard resistor and a nanoammeter. As the volt-
age was increased im steps, the change in current
was noted using the nanoammeter. The on-set
break-down voltage, Vg, was detected by a sudden
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Figure 1 Logl-logV characteristics of TbF, film at
different temperatures (d = 155 nm).

rise in the current observed in the nanoammeter.
Measurements of the break-down voltage were
carried out under vacuum with the samples of
thicknesses in the range 30 to 260 nanometers.

3. Results and discussion

3.1. Direct current conduction

Logl-logV characteristics of terbium fluoride
film of thickness 155nm are presented in Fig. 1.
The current, 7, exhibits a voltage, V, dependence
of the form I o V'™ where n is found to vary from
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Figure 2 Logl plotted against EY? for a TbF, film at
various temperatures (d = 155 nm).
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1.8 at moderate fields to greater than 5 at high
fields. When referring to power-law dependence of
current upon voltage in the context of dielectric
films, one naturally tends to think of space-charge-
limited flow in solids [11]. For space-charge-
limited conductivity, the current, I, is related to
the applied voltage, V, by
2
I =K —2—3 )

where K is a constant and d is the thickness of the
dielectric film. For the case of TbF; films, it is
verified that the above equation is not followed;
Also, the observed current variations (Fig. 1.) are
more rapid than those predicted by the square-
power law. Hence, the possibility of space-charge-
limited conduction is ruled out for TbFj films.

Fig. 2. represents the variation of current with
the square root of the field. The curves show slight
deviation from straight-line characteristics at low
fields and this has been attributed to contact
potential effects [12]. The straight-line nature of
the curves at high fields may be explained by a
Poole—Frenkel bulk mechanism or by Schottky
emission at the electrodes. In the Poole—Frenkel
process, the conduction is limited by the field-
enhanced thermal emission of electrons from a dis-
crete trap level into the conduction band. In the
Schottky emission mechanism, electrons are
emitted from the metal electrode into the conduc-
tion band of the insulating film over the image
force interfacial barrier under attendant lowering
of the applied electric field. It is a well-established
experimental fact that at fields greater than
10*Vem™! many dielectric films exhibit a current—
voltage relationship characteristic of the form
[11,13]
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Figure 3 The slope of the curves, JE'/?, shown in Fig. 2
plotted against e/kT.
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where E = V/d and § is a constant given by
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e is the electronic charge, e, is the permittivity of
free space and ¢’ is the high-frequency dielectric
constant. The value of 2 = 1 is adopted for Poole—
Frenkel emission and the value of @ = 4 is adopted
for Schottky emission. Since €' appears to the
power one half in Equation 3, it can be considered
to be of secondary importance as far as its effect
on the theoretical magnitude of § is concerned
[14]. In the present investigation, the high-
frequency dielectric constant of 5.1, calculated
from the usual parallel-plate formula, has been
used for the evaluation of §, using Equation 3.

The slopes of the straight lines in Fig. 2 are
plotted against e/kT in Fig. 3. The slope of the
curve in Fig. 3 yields the experimental value of §
[11]. The calculated and observed vatues of § are

Bs = 1.68 x 10 (mV)"?%
Bpr = 336 x 10 (mV)2;
Bexps = 1.96 x 1075 (mV)"2.

Since the value of B,y is closer to that of 85 than
Bpr, the conduction mechanism seems to be pre-
dominantly that of Schottky emission for the tem-
perature range studied (300—418K). Also, the
Schottky plots of log//T? against 1/T at different
voltages (Fig. 4) yield straight lines confirming the
Schottky type of conduction mechanism [15].
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Figure 4 (2) Plot of log I,/T? against T™* (closed circles)

(b) Plot of log I/T? against 1/T at various voltages (open

circles).

Curve 1 in Fig.4 represents the variation of
logI,/T?* (I, is the current intercept corresponding
to V=0 in Fig. 2) with inverse absolute tempera-
ture. The zero-field activation energy, evaluated
from the slope of this curve, is 0.51eV. Curves 2
to 5 in Fig. 4 are plots of logl/T? against 1/T at
different voltages. The resulting activation energies
are plotted against VY2 (Fig. 5) and, by extrapola-
tion, the zero-field activation energy has been
found to be 0.52¢eV. From Fig,. 4, it is evident that
the conduction mechanism is an activated process
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Figure 5 Activation energy, E, plotted against square root
of applied voltage, V2,
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TABLE 1 Variation of breakdown voltage, ¥p, and
dielectric field strength, Eg, with film thickness

Thickness, d Breakdown Dielectric field
(nm) voltage, Vg strength, Ep
V) (X 10°Vem™)
30.0 13 433
50.0 18 3.60
90.0 24 2.66
105.0 26 248
155.0 33 2.13
1844 36 195
260.0 43 1.65

with the activation energy decreasing with increas-
ing field. Similar results have been obtained by
several workers [16—18] for different insulating
films.

3.2. Break-down voltage and field strength
It is observed that the onset break-down voltage,
Vg, increases from 13 V to 43 V with the increase
of film thickness, d, from 30 to 260 nm, whereas
the field strength Eg (Eg = V/d) decreases from
433 x 10%to0 1.65 x 106V cm™ (see Table I). Fig.
6 shows a plot of log Eg against logd and the slope
of the curve is found to be —0.47, thus obeying
the Forlani—Minnaja law, Eged™? [12, 20].
Similar thickness dependence behaviour in other
insulating films has been reported by several work-
ers [21-23].

4. Conclusions
The current—voltage characteristics for evaporated
TbF, films sandwiched between aluminium elec-
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Figure 6 Variation of Eg with thickness, d.
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trodes are suggestive of Schottky emission. The re-
sults show a definite lowering of the activation
energy for the conduction process with the field.
The break-down field is found to be a power-
dependent function of dielectric thickness, as pre-
dicted by Forlani and Minnaja.
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