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Thin Nd oxide films were prepared on Si (P) substrates to form MOS structure. The oxide films were 

annealed at different conditions and their crystal structures were determined by X-ray diffraction (XRD). The 

dc electrical transport properties of the devices with amorphous and crystalline Nd oxide were investigated. 

The current-temperature J(T) characteristics suggest that the carrier transport through the insulator follows 

Mott’s variable-range hopping (VRH) mechanism and its results were compared with the results obtained 

from X-ray diffraction. 

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

Rare earth oxides (REOs) have many applications in solid-state electronics, optics and transparent opto-ionic 
devices. The basic promise of REOs in electronics is that of enabling high-temperature and high-power 

devices. REOs have high resistivity (ρ = 1012 – 1015 Ω.cm), high dielectric constant (ε = 7-20), large band gap 
(Eg = 4–6 eV.)[1], high recrystallization temperature and thermodynamically stable in contact with Si substrate 
at high temperatures (~800°C) under high vacuum or in N2 atmosphere [2]. But annealing in oxygen 
atmosphere can produce a silicate layer due to Si atoms diffusion from substrate into the REO [2,3]. There is 
also another problem when dealing with REOs that is the hygroscopic nature, which leads to formation of 
hydroxide after exposure of the film to atmospheric conditions. The hygroscopic nature may noticeably affect 
the electrical properties.  

In this work, we examine the hopping mechanism, which controls the carrier transport, of Nd2O3 films 
annealed at different conditions as a function of oxide structure. This requires the study of temperature 
dependence of the dc conductivity of samples annealed at different conditions. 

REO as an insulator in MOS structures were investigated in many works [1-13]. But the study of Nd2O3 is 
seldom.  

2 Experimental 

Samples of Al/Nd2O3/Si MOS structure were prepared and examined in this investigation. The p-type Si wafers 
with (100) orientation at doping level of 1.2 x 1016 cm-3 were utilised as a substrates. These wafers were 
degreased in acetone, rinsed in deionised water, etched in 48% HF to remove the native oxide layer and then 
rinsed with deionised water, before introduction into the high vacuum chamber. Prior to deposition the wafers 
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were degassed by heating at about 150 oC for 3h in vacuum of about 10-4 Pa, and Nd oxide was obtained by 
evaporation of pure Nd in residual pure oxygen atmosphere of pressure about 10-4 Pa. Thickness was 
monitored by thickness monitor and then measured after annealing by Gaertner L117 ellipsometer. The 
simultaneously prepared samples were classified into three groups relative to their annealing conditions and 
hence according to their crystal structures. Films annealed in air at 300 oC for 15 min are named AM300, 
annealed in air at 800 oC for 15 min. are named CR800 and annealed at 800oC in vacuum of 10-4Pa for 15 min. 
are named CR800v samples. After sample annealing, aluminium film of around 150 nm was deposited to form 
a gate. 

The crystal structure was investigated with Philips PW 1710 X-ray diffractometer. Keithley 3330 LCZ 
meter with a signal of 50 mV performed the capacitance measurements. The dc measurements were done using 
the standard technique with Keithley 614 electrometer. Measurements were done in room temperature and in 
temperature controlled furnace. 

3 Structural characterisation 

The X-ray diffraction of light blue neodymium oxide powder is shown in fig.1. It shows a mixed crystal 
structures A- and C-phases. The lattice constant of cubic phase is a = 11.08 Å and of hexagonal phase are: a= 
3.83 Å and c= 6.00 Å; in agreement with published data [14]. Films AM300 were amorphous while films 
CR800 and CR800v show a polycrystalline structure of mixed A – and C-structure with a slightly shifted peaks 
relative to the powder peaks positions. This shift appears as results of residual structural microstresses in thin 
films. The average grain size (g.s) estimated from (222) line is 8.5 nm for CR800 and 68 nm for CR800v. 

 

Fig. 1 X-ray diffraction pattern from Nd2O3 powder, 

amorphous AM300 film and polycrystalline CR800 

and CR800v films. The scan speed was 0.01 o/s. 

 

 

  

 

Results and discussion 

The temperature dependence of the electrical conductivity σ (T) of Nd2O3 samples were studied at 
accumulation polarity in the temperature range (300 – 500 K). 

The low average activation energy of the conductivity of AM300, CR800 and CR800v samples and the 
fulfilment of the conditions (as we will see latter) permit us to assume that the hopping process of the carriers 
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between localized states would be governed by a variable range-hopping (VRH) mechanism as characterized 
by Mott’s expression of the form [15-17]: 

 
0.5 0.25

0 0
( ) ( / ) exp{ ( / ) }T T T Tσ = σ −  (1) 

 

where σo is a pre-exponential factor, T0 is the degree of disorder T0= λα
3 / kBN(EF), N(EF) is the density of the 

localized states at the Fermi level EF , λ is a dimensionless constant (about 16 as given by ref [17], for other 

values for λ see the survey given by [18]) and α-1 (α=107 cm-1 ) represents the degree of localization.  
 

 

Fig. 2 Ln(σT0.5) vs. T-0.25 plot ( the Mott’s VRH 

plot) for AM300, CR800 and CR800v structures. 

The conductivity was measured at gate voltage Vg= 

-1.5 V. 

 

 

 
 

Table 1 Parameters of Mott’s VRH mechanism: T0 is the degree of disorder, N(EF) is the density density of 

the localized states at Fermi level, R is the hopping distance at 293 K and W is the average hopping energy. 

g.s is the average grain size. The dielectric constants of the samples ε were measured at 10 kHz. 
 

Sample T0(K) N (EF) (eV
-1cm-3) R (nm) W (meV) g.s (nm) ε 

AM300 2.37x108 7.8x1017 11.6 190 - 11.70 

CR800 4.17x107 4.4x1018 7.5 130 8.5 8.47 

CR800v 4.86x106 3.8x1019 4.3 70 68.0 10.14 

 
 

Fig. 2 shows the Mott’s VRH plot : Ln(σT0.5) vs. T-0.25 for AM300, CR800 and CR800v structures. At about 
373 K with only amorphous sample (annealed at 300 oC ), a deviation from the linearity of Fig. 2 was 
observed. This related to the hygroscopic nature of the amorphous oxide. Sample CR800 has less conductivity 
and dielectric constant than CR800v; this is due to the formation of SiO2 layer of thickness that can be 
estimated from capacitance measurements. From the relation of two “series-connected capacitors model” [19] 

and by using the dielectric constants (ε ) of CR800 and CR800v measured from the accumulation capacitance 
at 100 kHz it is possible to estimate SiO2 layer thickness in CR800 to be about 12.8 nm. The formation of a 

very thin SiO2 layer, say 1- 2.5 nm [4,20], even for AM300 sample is also possible although the value of ε of 
AM300 is well-agree with the value (12.6) given at 1 kHz in metal-insulator-metal MIM structure [21]. But if 
the interfacial layer has more complicated structure like amorphous SiOx layer [22], mixed REO with SiO2 in 
non-stoichiometric composition [23] or Nd silicate with SiOx [24] then its analysis needs direct-probe methods 
like Rutherford back scattering (RBS), electron microscopy, Auger or photo electron spectroscopy [23, 24]. 

The hopping distance R and the average hopping energy W are given by [17]: R={9/8παkBTN(EF)}
0.25, and 

W=3/4πR3N(EF). The calculated values of T0, N(EF), R and W for our samples are given in table 1. As T0 
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represents the degree of disorder or degree of amorphisity, it is clear from table 1 that sample CR800v is 
ordered more than CR800 or the average grain size of CR800v is larger than that of CR800, this conclusion is 
supported by the X-ray experimental results. It is also observed from our experimental data that as disorder 
degree increases, the density of localized states at Fermi level decreases; such observation was also given by 
the data published in [25,26] for amorphous glasses and their degree of amorphisity. It is clear from table1 that 

the conditions [15] of possibility of applying VHR model i.e.: W > kBT and αR > 1 are satisfied. 
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