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ABSTRACT 
 

A series of sandwiched films in the configuration, Ni(100nm)/Al(t)/Ni(100nm); t = 10nm, 
20nm,……, 100nm (labeled as NAN1, NAN2, ………, NAN10) were deposited by 
thermal and electron beam gun evaporation techniques. The films were deposited onto 
the glass substrates held at 473K, under high vacuum conditions. The structure, grain 
size and interplanar distances were probed by X-ray diffraction (XRD). The grains were 
of few nanometers in dimension and their size decreased with increasing, t. Electrical 
resistivity in the temperature range from 4.2K to 300K has been measured. The 
resistivity decreased nonlinearly and continuously with increasing temperature for the 
films NAN1, NAN3 and NAN7 similar to that of a semiconductor. Mott’s small polaron 
hopping and variable range hopping models due to Mott and Greave have been 
employed to understand resistivity variation with temperature in these three films. 
Remaining seven films exhibited metallic to semiconductor (MST) transition. These 
results are significant as neither of the constituent layers in the present films is 
semiconducting by nature. The resistivity data of NAN4 and NAN5 films has been 
analyzed using semi-classical conductivity model of Boltzman which incorporates 
quantum corrections in to it.  The data belonging to the metallic region of the remaining 
five films has been analyzed using the conventional Matheissen’s rule, as these films 
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produced only small amount of data in the semiconducting region. It is for the first time 
that the sandwiched films of the present configuration have been investigated for 
structure and low temperature resistivity and data analyzed thoroughly.  
 

 
Keywords: Sandwich films; XRD; metal to semiconductor transition; resistivity. 
 
1. INTRODUCTION 
 
Currently there is enormous interest in layered magnetic films that may be due to the fact 
that layering can be used for tuning the properties or to obtain properties which were not 
characteristic of their bulk forms. For practical reasons, the present work is restricted to the 
study of a simple structure consisting of two magnetic layers separated by a layer of 
nonmagnetic material. Very extensive experimental and theoretical investigations on 
exchange coupling [1-3] and magneto--optical kerr-effect [4,5] have been reported on some 
of these kinds of structures. In some studies, chromium (Cr) spacer instead of copper like 
metal has been used and investigated the effects of interface roughness [6,7], magnetic and 
electronic structures [8]. An anomalous behavior of low temperature resistivity has been 
observed in the structure, Co/M/Co (M = Cr or Cr/Ag or Ag/Cr) [9]. The effect of Cu interlayer 
on grain size and stress has been investigated in sputtered Fe/Cu multilayers [10]. The 
structural properties were studied for Fe/Cu multilayers as a function of Fe layer thickness 
[11]. Some of these studies were aimed at optimizing the planar structure of (111) Au/Co/Cu 
trilayers [12]. The detailed studies of structure, surface morphology and low temperature 
electrical properties of Ni/Al/Ni sandwiches have not been reported so far. Pure 
semiconducting behavior has been observed in oxidized Ni films [13] and a sign for metal to 
semiconductor transition has been noticed in Pb films [14] at low temperature. Metallic 
behavior of electrical conductivity at low temperature has been detected in Fe/Cu/Fe 
sandwiched films [15]. In the present article, we report investigations on structural and 
electrical properties of Ni/Al/Ni films for different Al spacer layer thicknesses. The layer 
structure of these films are, [Ni(100nm)/Al(t)/Ni(100nm)]; t=10nm, 20nm, 30nm, 40nm, 50nm, 
60nm, 70 nm, 80nm, 90nm and 100nm. 
 
2. EXPERIMENTAL  
 
The sandwich films, (Ni/Al/Ni) were prepared using electron beam gun and thermal 
evaporation techniques at a pressure 7x10-6 mbar (=1.143 Pa) and temperature 473K. The 
nickel layers were deposited by evaporating the nickel source from a molybdenum crucible 
using electron beam gun technique, where as aluminum layers were deposited by thermally 
evaporating the source from a tungsten filament. The thickness of the layers was measured 
during deposition using quartz crystal thickness monitor. The films were allowed to cool to 
room temperature in the vacuum chamber over night and were later subjected to XRD 
studies in Brucker-D8 advance diffractometer with Cu-Kα radiation of wavelength 1.5406 Å. 
Electrical resistivity was measured by following four point methods in an Oxford Instruments 
make resistivity setup in the temperature range from 4.2K to 300K. 
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3. RESULTS AND DISCUSSION 
 
3.1 X-ray Diffraction (XRD) Studies 
 
The complete XRD spectrum for NAN1 film is shown in Fig.1. Similar spectra were recorded 
for all the films. The spectra consist of single peak revealing dominant (111) texture of the 
films. A small variation in the peak positions has been observed for different films which lie 
between 2θ=44.29 and 44.61 [Table.1]. The grain sizes were determined using Scherrer’s 
formula [16], D=(0.9λ)/(B cosθB), where D defines the grain size, B the angular width in terms 
of 2θ, θB the Bragg angle and λ the wavelength of the radiation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                Fig.1. XRD spectra for NAN1 film 
 
The interplanar spacing of the films were calculated using the relation, d = λ/(2 sin θB). The 
grain sizes were found to be of few nanometers. The interplanar spacing is lying between 
2.029 Ǻ and 2.043 Ǻ. The measured peak widths are in the range of 0.638 Ǻ and 0.945 Ǻ.  
 

Table 1. Parameters extracted from XRD spectra for NAN sandwiched films 
 

Film  Thickness 
of Al, t (nm) 

Peak position, 
2θ (degrees) 

Peak 
width, Ǻ 

Grain  size,  
D (nm) 

Interplanar 
spacing, d (Å) 

NAN1 10 44.359 0.754 11.37 2.040 
NAN2 20 44.346 0.945 9.077 2.041 
NAN3 30 44.294 0.685 12.51 2.043 
NAN4 40 44.374 0.756 11.35 2.040 
NAN5 50 44.392 0.694 12.37 2.039 
NAN6 60 44.516 0.698 12.29 2.033 
NAN7 70 44.491 0.690 12.44 2.034 
NAN8 80 44.524 0.798 10.76 2.033 
NAN9 90 44.573 0.662 12.96 2.031 
NAN10 100 44.610 0.638 13.47 2.029 
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3.2 Electrical Conductivity  
 
The measured temperature variation of resistivity of all the present films revealed the 
following information. 
 
The films NAN1, NAN3 and NAN7 showed semiconducting behavior. Remaining all the 
seven films exhibited metal to semiconductor transition (MST).  
 
The present series of films are differing from one another in terms of interfacer layer 
thickness only. Despite this, the films behaved differently in terms of their electrical resistivity 
as some of them exhibited semiconducting behavior and some have shown MST transition. 
The MST transition shown by the present films is similar to ZnO doped systems [17,18]. 
Indeed, the resistivity measurements have been done twice on the same samples without 
lifting them from the cryostat. In both the attempts the results were obtained be same. The 
data was averaged and analyzed. The MST transition temperatures, Tc, are shown in Table 
2. The plots of temperature variation of ρ for all the films are depicted in Fig. 2. From the 
figure, it can be seen that in the entire experimental range of temperature NAN1, NAN3 and 
NAN7 films behave like a semiconductors. That is, their resisitivity decreases continuously 
with increasing temperature. NAN4 film exhibited metal to semiconductor transition showing 
minimum resistivity at a transition temperature, Tc. Transition temperature did not vary 
systematically with interfacer layer thickness as can be seen in Table.2. NAN5 film produced 
exactly the same type of ρ versus T spectrum. Whereas NAN10 film along with NAN2, 
NAN6, NAN8 and NAN9 measured a short tail on the semiconducting side although MST is 
quite evident in these film also. 
 

Table. 2. The MST transition temperature, T c, of NAN sandwich films 
 

Films → NAN2 NAN4 NAN5 NAN6 NAN8 NAN9 NAN10 
TC (K) → 41.12 88.24 80.69 13.96 36.53 24.36 21.43 

 
3.2.1 Resistivity variation of NAN1, NAN3 and NAN7 films  
 
Resistivity of NAN1, NAN3 and NAN7 films are in the order of 10-6 Ωm. The room 
temperature conductivity of these films are in agreement with NiO thin film [19] and higher 
than that of thick NiO films and Nio nano crystals [20,21]. Resistivity of these three films 
decreased continuously with increase in temperature resembling semiconductor behavior. 
The conducitivity data of these films has been analysed using Mott’s small polaron hopping 
and variable range hopping models due to Mott’s and Greaves. For higher temperature, 
Mott’s SPH model gave an expression for conductivity as    
   

                     
)/exp()/( 0 TkET B∆−= σσ

                         (1) 
                 

Where E∆  is the activation energy and σ0 the pre-exponential factor [22]. The plots of ln 
(σT) versus (1/T) for these three films are shown in Fig. 3. The least square linear lines were 
fit to the data for temperatures above θD, where θD is the Debye’s temperature below which 
the data deviates from linearity. From the slopes, the activation energy, ∆E, was determined 
and mentioned in Table 3. These activation energy values are smaller than that reported for 
NiO films and nanocrystals [19-21]. 
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Fig. 2. Temperature variation of resistivity of NAN  films. M refers to metallic region and 

SC refers to semiconducting region 
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For the data below θD, the variable-range hopping (VRH) models due to Mott [23] and 
Greave [24] have been applied. In Mott’s VRH model, the conduction is based on a single 
optical phonon approach and the conductivity is expressed as,  
 

                           
4
1

)/exp( 0 TTA −=σ
                                                           (2)

                             
Where, T0 = 256 [2α3/9π KBN(EF)]  and A = [e2/2(8π)1/2] v0 [ N (EF) /α KBT]1/2                                                                         
 
With N(EF) being the density of states at the Fermi level. The constants A and T0 are 
obtained from the ln(σ) versus T–1/4 plots as shown in Fig. 4. Only part of the data below θD 
for which the Motts VRH model fit was in good agreement, is only shown in Fig. 4. It is 
commonly held that much use of the exponent T0 has been made to extract values of N(EF), 
given assuming value for α= 10 nm–1 [25,26]. The N(EF) values obtained are shown in Table 
3. These N(EF) values are much higher than that quoted for NiO nanocrystals [21]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The plots of ln( σT) versus (1/T) for NAN1, NAN3 and NAN7 films for 
T > θD. Solid lines shown are the linear fits to the data  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4. Plots of ln( σ) versus T –1/4 for NAN1, NAN3 and NAN7 films as per 
Mott’s VRH model. Solid lines shown are the linear fits for T < ( θD) 
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The data deviated from Mott’s VRH has been considered under Greaves VRH model [24]. 
According to this model, the conductivity is given by 
 

                              
1/ 2 1/ 4

0exp( / )T B T Tσ = −
                                                     (3)

          

Where,                   
4 3

0 (2.1) [ / ( )]B FT k N Eα=
   

             
The Greaves plots of ln(σT1/2) versus T-1/4 are shown in Fig. 5. From the fit parameters of B 
and T0, the density of states at Fermi level, N(EF) due to Greaves model were determined 
and recorded in Table 3. Both the VRH models appeared to fit well with the data in certain 
range of temperature. However, N(EF) values deduced from these model fits are high 
compared to that of the reported values for other thin films. It can therefore be concluded that 
the conductivity of the present films at very low temperatures cannot be satisfactorily 
explained using Mott’s and Greaves VRH models. 
 
Table 3. Activation energy, ∆E and density of states, N(EF) determined from Mott’s and 

Greaves model fits 
 

Film  Mott’s SPH  
∆E (meV) 

Mott’s VRH  Greaves VRH  
N(EF) (ev -1cm -3) N(EF) (ev -1cm -3) 

NAN1 23.80 2.094X1027 2.446X1022 
NAN3 23.29 2.106X1033 5.666X1022 
NAN7 23.80 9.480X1029 4.975X1026 
 
Activation energy of all the three films is of the same size approximately. This means that 
interfacer layer thickness do not affect significantly the activation of conduction process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. The plots of ln( σT1/2) versus T -1/4 for the films as per 
Greaves VRH model. Solid lines shown are the liner fits to the data 
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3.2.2  Resistivity variation of NAN2, NAN4, NAN5, N AN6, NAN8, NAN9 and NAN10 films  
 
The films NAN2, NAN4, NAN5, NAN6, NAN8, NAN9 and NAN10 showed Metal to 
Semiconductor transition (MST). Of these, NAN4 and NAN5 films have exhibited extended 
tails on either sides of the transition temperature. Hence, these films have been considered 
separately for analysis. Other films which have got only short tails on semiconducting side 
have been considered for analysis under one group. Resistance varied linearly with 
temperature for NAN2, NAN6, NAN8, NAN9 and NAN10 films for temperature above 150K 
(Fig. 6). Temperature coefficient of resistance TCR=(dρ/dT)/ρ300K has been determined and 
recorded in Table. 4. TCR values are positive and are of the order 10-4 K-1. TCR value of 
NAN6 is found to be higher than NAN2, NAN8, NAN9 and NAN10 films.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Plots of ρ vs T for NAN2, NAN6, NAN8, NAN9 and NAN10 films fo r T > 150K. 

The lines drawn are the linear fits to the data as per Matheissen’s rule 
 
Table 4. Temperature coefficient of resistance, TCR  of NAN2, NAN6, NAN8, NAN9 and 

NAN10 films 
 

Films → NAN2 NAN6 NAN8 NAN9 NAN10 
TCR  x 10-4(K)-1 → 1.050 2.323 1.307 1.644 1.755 
 
Further, linear variation of resisitivity with temperature above 150K is in agreement with 
Matheissen’s rule. According to Matheissen’s rule, at high temperature electron–phonon 
interaction dominates over electron–electron and electron–impurity scattering. Then, 
resistivity varies linearly with temperature. Resistivity of NAN6 is smaller than NAN2, NAN8, 
NAN9 and NAN10 films. The reasons for higher TCR and smaller resistively of NAN6 than 
other films are needed to be understood. For T<150K, several attempts have been made to 
fit the data to ρ = AT5, as dedicated by Matheissen’s rule and also to Arrhenius expression, 
ρ=ρ0exp(E/KBT). But no good fits were achieved, implying that for these films, different 
theoretical treatment is required to understand resistivity below 150K.  
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3.2.3 Resistivity variation of NAN4 and NAN5 films  
 
There is considerable amount of ρ(T) data on NAN4 and NAN5 films on either sides of the 
MST transition. Hence, temperature variation of resistivity of these two films has been 
separately analyzed. The negative temperature coefficient of resistance (TCR) below TC 
indicates localization of electrons and the positive TCR above TC suggests delocalization of 
electrons [27]. The delocalization of electrons leads to metallic conductivity, which is a 
characteristic feature of degenerate semiconductor [28]. The metal-semiconductor transition 
can be explained using a view proposed for conduction in disordered matter [29] where, the 
minima in the ρ(T) curve has been accounted for quantum correction (QC) terms in the 
conductivity expression. This view was developed based on Boltzmann semiclassical 
approach. The QC terms come from weak localization and Coulomb interaction effects that 
are related to structural disorder. The localization effects have already been considered to 
interpret the MST observed in various oxides such as RuO2 [30], ZnO:Ga[27] and undoped 
ZnO thin films [31].  
 
According to Lee and Ramakrishnan [29], the resistivity including the QC can be expressed 
as, 
 

                             ρ=1/ (σo+a1 T
P/2 +a2T 1/2) + (bT2)                                         (4)

             
Here, ρo(=1/σ0 ) is the residual resistivity. The second term in the denominator corresponds 
to weak localization and the third term corresponds to Coulomb interaction effects. Eq. (4) 
was fit to the data of NAN4 and NAN5 as shown in Fig. 7. The best fit parameters obtained 
are recorded in Table 5. From the Table 5, it can be seen that in case of NAN4, a1>a2 and in 
the case of NAN5, a1<a2. These indicate that within QC, weak localization effect dominates 
over coulomb interaction in NAN4 film and reverse is the case in NAN5 film. The values of P 
for NAN4 and NAN5 were determined to be 0.5 and 1.8 respectively, which correspond to 
electron–phonon interaction at weak localization sites [28].  
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 

 
Fig. 7. ρ versus T for NAN4 and NAN5 films. Solid lines are the best fits to Eq. (4) 
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Table 5. Values of the fit parameters of Eq. (4) to  the ρ(T) data on  
NAN4 and NAN5 films 

 
Sample  σ0 (Ωm)-1 x10-8 a1 P a2 B x10-6 
NAN4 1.14   33.5 0.5 1.62 0.167  
NAN5 1.23  1.2 1.8 8.00 1.610  

 
4. CONCLUSION 
 
A set of sandwich films, Ni(100nm)/Al(t)/Ni(100nm); t =10nm to100nm were deposited by 
thermal and electron beam gun methods at 473 K under high vacuum conditions. The 
structure and grain sizes were probed through X-ray diffraction (XRD) studies. All the films 
exhibited (111) texture. 
 
Low temperature electrical resistivity has been measured on all the films. Three films showed 
pure semiconducting behavior. The data of these films has been analyzed in the light of 
Mott’s small polaron hopping model and variable range hopping models due to Mott and 
Greave.  
 
Remaining seven films exhibited metal to semiconductor transition. Transition temperatures 
were determined. The data belonging to metallic region of these seven films obeyed 
Matheissen’s rule of linear relation between resistivity and temperature. semiconducting tail 
was observed to be very short for five of the seven films. However, two of the films exhibited 
longer tails into metallic and semiconducting regions. The data of these two films has been fit 
to resistivity expression which incorporates quantum correction in to it. From this analysis, 
the coefficients corresponding to electron localization and coulomb interaction effects have 
been determined. 
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