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D.c. conduction studies on thermally 
evaporated neodymium oxide thin films 

M. D. KANNAN,  SA. K. N A R A Y A N D A S S ,  C. B A L A S U B R A M A N I A N ,  
D. M A N G A L A R A J  
Department of Physics, Bharathiar University, Coimbatore 641 046, India 

Aluminium-neodymium oxide-aluminium thin film capacitors have been prepared by thermal 
evaporation and the d.c. conduction properties of these films have been studied. The 
thicknesses of the films have been determined by a multiple beam interferometer. The 
current-voltage power-law dependence showed that the conduction in these films is space- 
charge limited. The linear dependence of the current density on the square root of the applied 
field confirmed the exponential trap distribution. The trap density has been found to be of the 
order of 1026 m -3. It has also been observed that the Schottky type of conduction is 
predominant in the high-field region and the height of the Schottky barrier has been 
determined. It is seen that the conduction mechanism is an activated process with the 
activation energy decreasing with increasing field. 

1. Introduction 
Rare-earth oxides, because of their high thermal and 
chemical stability and good radiation resistance seem 
to be an important group of materials which can be 
used in thin-film technology. Fromhold and Foster 
reported that some of these oxides showed most pro- 
mising properties as potential materials for use in thin- 
film capacitors [1]. In recent years, considerable inter- 
est has been stimulated in the study of direct current 
conduction [ 2 4 ]  in thin dielectric layers because of 
their use in passivated devices, field-effect transistors 
and microcircuitry. Electrical conduction in rare-earth 
oxide films has been studied by various workers 
[5-14]. Neodymium oxide is representative of this 
group, on which some work has been done [15-22], 
although as far as we know, a d.c. conduction study on 
thermally evaporated neodymium oxide thin films has 
not yet been investigated. Dharmadhikari  has re- 
ported [18] the electrical charge transport in amorph- 
ous N d 2 0  3 thin films prepared by electron beam gun 
evaporation and the measurements were made over 
smaller temperature and voltage ranges. With this in 
mind an attempt has been made to study the d.c. 
conduction properties of thermally evaporated neo- 
dymium oxide thin films. 

2. Experimental procedure 
Aluminium-neodymium oxide-aluminium film capa- 
citors were prepared, using a 0.3 m conventional 
vacuum coating unit (Hind Hivac, India), on well- 
cleaned glass substrates. First, pure aluminium 
(99.999%) was evaporated through a suitable mask to 
form the base electrode. Then neodymium oxide pow- 
der (99.99%) was evaporated from a tungsten conical 
basket to form the dielectric layer. Prior to evapor- 
ation, the neodymium oxide powder was degassed for 
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about 30 min. The rate of evaporation was properly 
controlled and was maintained at 0.05 nm s-1. Fi- 
nally, aluminium was again evaporated to complete 
the metal-insulator-metal structure. The entire evap- 
oration process was carried out under a vacuum of 
2.66 x 10- 3 Pa. 

The thickness of dielectric films was measured using 
a multiple beam interferometer (Fizeau fringes). The 
d.c. electrical measurements were made on well-stabil- 
ized capacitors in a rough vacuum ( < 10- 2 torr; 1 torr 
= 133.322 Pa) at different temperatures, using an 

ECIL electrometer amplifier (Model EA815) and a d.c. 
dual power supply. The temperature of the sample was 
determined using a pre-calibrated copper-constantan 
thermocouple. 

3. R e s u l t s  and  d i s c u s s i o n  
Fig. 1 presents the current-voltage (I-V) character- 
istics of neodymium oxide film of thickness 97 nm for 
different temperatures on a double logarithmic scale. 
The current, I, exhibits a voltage, V, dependence of the 
form Ioc V", where n is found to Vary from 1.4-1.5 at 
low fields and attains a value greater than 4 at high 
fields. However, in very low fields, n ~ 1 and as the 
temperature increases the two regions observed (be- 
low 393 K) tend to disappear. 

When referring to the power-law dependence of 
current upon voltage in the context of dielectric films, 
one naturally tends to think of space-charge limited 
conduction (SCLC) in solids [23]. Also, in the SCLC 
theory [24, 25], the current requires a thickness de- 
pendence of the form I oc d-", where n is a parameter 
that depends on the trap distribution (n/> 3). The 
thickness dependence of the current has been studied 
and is shown in Fig. 2. The slope of the I versus d plot 
( -  4.4) being greater than - 3  confirms that the 
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Figure 1 Current-vol tage characteristics (d = 97 nm). 
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Figure 3 Variations of the current density with the square root of 
the field at different temperatures. 
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dependence of the current for Figure 2 Thickness V = 3 V 
(slope = - 4.4). 

observed currents are actually space-charge limited. 
The field dependence of the current density is shown in 
Fig. 3 (log J versus F1/2). Such a linear plot in the 
moderate high-field region indicates that the conduc- 
tion mechanism may be of either Schottky or 
Poole-Frenkel type. The Schottky effect is the 
conduction of electrons by thermal excitation over the 
potential barrier between electrons at the Fermi level 
of the injecting electrode and electrons in the insulator 
conduction band. The high field, which exists in the 
film, causes a lowering of the potential barrier height 
and the conduction relation is 

J = J s c  T 2  exp[(13s~ F 1 / 2  - -  qb)/(kT)] (1) 

where 13sr is the Schottky field-lowering coefficient, F 
is the field and 4) is the barrier height. 

Poole Frenkel conduction occurs as a field emis- 
sion of electrons from localized donors located at an 

energy, qb, below the insulator conduction band. The 
current density equation in this case is 

J = Jpv exp [(13PFF1/2 -- ~ ) / ( k T ) ]  (2) 

The field-lowering coefficient, 13, is given by 

= [ e 3 / ( a ~ % q ) ]  1/2 (3) 

where e is the electronic charge, a = 1 for PF emission 
and 4 for Schottky emission, % is the permittivity of 
free space and ~r is the high frequency dielectric con- 
stant. However, Soukup and Speliotis [26] have ob- 
served that there could be no a pr ior i  reason for taking 
the high-frequency dielectric constant, and Hill [27] 
has also pointed out that 13sc is a function of both the 
low- and the high-frequency values of the dielectric 
constant. The values thus obtained for Schottky, 13sc, 
and Poole-Frenkel, [3pv, are 1.11 x 10 -24 and 2.22 
x 10-24eVV-t /2cm 1/2, respectively. The dielectric 

constant, Sr, for the calculation has been taken as 5.65 
[15,16]. The experimental value of 13 (1.256 
• 10 - 2 4  eV V - 1 / 2  cm l/z) has been determined from 
the plots of log J v e r s u s  F 1/2 (Fig. 3) and 9 versus the 
inverse absolute temperature (Fig. 4). The values of g 
are the slopes determined from Fig. 3 in the high-field 
region. Table I compares the experimental and theore- 
tical values of 13. From the table it is clear that the 
experimental value is closer to the calculated 13s~ than 
13pF. Hence it can be proposed that the dominating 
conduction mechanism for thermally evaporated neo- 
dymium oxide thin films may be of the Schottky type. 

T A B L E  I Theoretical and experimental values of J3 

13 (10 24 eVV ~/2 cml/2) 

Theoretical Experimental 

13sc 1.11 1.256 
13Pv 2.22 
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Figure 4 The inverse absolute temperature dependence of the slopes 
observed from the log J versus F 12 plots in the high-field region. 

However, Hughes and Jones E28] and Gould and 
Hogarth [29] have reported that a mere coincidence 
of the experimental ]3so with the theoretical value 
cannot be taken as a deciding factor for the conduc- 
tion mechanism responsible. Therefore, in order to 
confirm the observed 13sc dependence with the theoret- 
ical 13 [30], a graph between log(J/T 2) and 1/T 
(Schottky plot) (Fig. 5) was plotted for different vol- 
tages. The resulting straight lines observed in Fig. 5 
confirm the Schottky type of conduction mechanism. 

Thus from the above discussion it can be concluded 
that the conduction mechanism in Nd20 3 thin films is 
of the Schottky type. The next step is to determine the 
height of the Schottky barrier. J/T 2 is plotted on a 
logarithmic scale against inverse absolute temperature 
(Fig. 5) for various voltages and from the slopes 

~ -  ~Sc F1/2 - -  t~)O has been determined. The values of 
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Figure 5 Plot of log(J/T 2) versus lIT at various applied voltages 
(d = 97 rim). 
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Figure 6 dp versus F U2 for the same film as in Fig. 5. 

thus determined have been plotted against the 
square root of the applied field and an extrapolation 
of these linear plots to zero field (F 1/2 = 0) yielded ~o 
(0.133 eV) which is shown in Fig. 6. 

The zero-field current density, Jo, was determined 
from Fig. 3 by extrapolating the linear plots to zero 
field. When log(JolT 2) was plotted against inverse 
absolute temperature (Fig. 7) a straight line plot was 
obtained and from the slope of which qb o was calcu- 
lated. The values of qb o determined by the above 
methods are shown in Table II.  

The activation energy was determined at different 
constant applied voltages using the relation 

I = Io e x p [ -  E/(kT)] (4) 

by plotting the current density on a logarithmic scale 
against the inverse absolute temperature (Fig. 8). The 
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Figure 7 Log (Jo/T 2) versus 1/T for the same film as in Fig. 5. 

T A B L E  I I  Schottky barrier height; dpo determined by different 
methods 

Method I a M e t h o d  IIb M e t h o d  I I I  c 

d~o (eV) 0.133 0.136 0.130 

" From the plot of log (J/T 2) against 1/T. 
b From the plot of log (Jo/T 2) against 1/T. 
c From the plot of qb versus V a/2. 
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Figure 8 The inverse absolute temperature dependence of log Jo 
and log J at different applied voltages (slopes: at zero field = 
- 4500, at 5 V = - 4167, 10 V = - 3833 and 15 V = - 3333). 

T A B L E  I I I  Activation energy as a function of applied voltage 

Voltage (V) Activation energy (eV) 

5 0.156 
10 0.143 
15 0.125 

From this the trap density, N ,  and the corresponding 
value of the trapping density per unit energy range at 
the conduction band edge, N o , thus determined for 
V = 5 V are 1.091 x 10 !6 m -  3 and 1.56 x 1046 J-  1 m -  3, 
respectively. 

4. Conclusion 
The current-voltage characteristics for thermally 
evaporated N d 2 0  3 thin films have been studied. In the 
wider field and temperature ranges studied it has been 
shown that both the space-charge limited and 
Schottky type of conduction contribute to the conduc- 
tion in these films. The activation energy for the 
conduction process has been found to be associated 
with the traps in the energy gap and is field dependent. 
It has also been confirmed from the plot of current 
density versus inverse absolute temperature that the 
distribution of trap density in the band gap at energies 
below the conduction band edge is exponential and 
the trap density has been found to be of the order of 
1026 m - 3 .  
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activation energy determined by this method is shown 
in Table III. It can be seen that the activation energy 
decreases with increasing applied voltage. The zero- 
field activation energy has been found to be 0.168 eV. 
This value of activation energy may be associated with 
traps in the energy gap. Also the linear dependence of 
these curves along with the significant variations in 
the slope between the curves obtained for different 
voltage levels (0 V = - 4500, 5 V = - 4167, 10 V = 
- 3833 and 15 V = - 3333)implied the existence of 

an exponential distribution of trapping levels rather 
than of a single discrete trapping level below the 
conduction band edge of the oxide. 

The exponential distribution of traps below the 
conduction band edge is defined by Lampert [31] as 

N(E) = N oexp [--  E/kTO] (5) 

where N (E) is the trap density per unit energy range at 
an energy E below the conduction band edge, N o is the 
value of N (E) at the conduction band edge, Tt is a 
temperature parameter characterizing the exponential 
trap distribution and k is the Boltzmann's constant. 
The current density voltage power law characteristic 
is also given by 

J ~ e g Nc [g/(eNt(e))] t V t+ 1/d2l+ 1 (6) 

where e is the electronic charge, g the mobility, N c the 
effective density of states in the conduction band, e the 
permittivity, Nt<e)= N o kTt  [32] the total density of 
trapping levels in the exponential distribution, and 
l = T t /T ,  where T is the lattice temperature. 

Gould [33] has shown that the slopes obtained 
from Fig. 8 for different constant voltages is given by 

slope = T t log [~V/ ( ed2Nt ) ]  (7) 
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