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Abstract 

In this paper capacitive properties of Al/Al2O3/Al Tunnel Junctions are 
investigated. Effective capacitance in metal/insulator/metal tunnel junctions 
comes from the insulating spacer (geometrical capacitance, Cg) and the electronic 
charge screening effect in the metallic electrodes (interfacial capacitance, Ci). Ci is 
assumed to be a capacitor connected in series with Cg with an electrode separation 
proportional to sum of the screening lengths in the electrodes. So the effective 
tunneling capacitance is not a fixed value because the screening length is 
dependent on the device’s temperature.  In this paper, capacitive property of the 
Al/Al2O3/Al trilayer is studied.  
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1 Introduction 

Considering the need for downsizing electronic and spintronic devices in 
modern technologies, having a thorough knowledge of properties of the 
unavoidable tunnel junction devices is a necessity. One of the important 
characteristics of tunnel junctions is their capacitive property. Effective 
capacitance of a tunnel junction is not simply its geometrical capacitance. From 
this point of view, a tunnel junction can be considered as two capacitors  
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connected in series: the geometrical capacitance ( gC ) and the interfacial 
capacitance ( iC ) [4, 5]. This means that upon applying a voltage difference across 
a tunnel junction some portion of the voltage drop occurs within the electrodes. 
The interfacial capacitance originates from the charge screening effect at the 
electrode surfaces and its magnitude depends on the depth the externally applied 
electric field penetrates into the electrodes. The electric capacitance and 
impedance of the Al-Al2O3-Al tunnel junction at different frequencies are 
measured by McCarthy and coworkers [6].  The authors have also reported the 
temperature and magnetic field dependence of the capacitance of Pd-AlOx-Al tunnel 
junctions in Ref. [7].  

The paper is organized as follows: The charge screening effect at the interfaces is 
discussed in section 2 and there we derive a relation for the screening length. Section 3 
outlines results of the electronic structure calculations. Results for the capacitance 
calculations are presented in section 4 and the final section is devoted to the concluding 
remarks. 

 

2 Charge Screening Length 

If an electric field be applied onto the surface of a metal, the surface electrons 
of the metal will rearrange in a way that by producing an opposite electric field 
neutralize effect of the externally applied one [8]. Depending on strength of the 
applied field, this charge rearrangement induces an electric potential, ( )xϕ , at the 
surface which accordingly shifts the local electronic density of states (DOS). 
Thus, the electronic charge distribution as a function of the distance from the 
surface can be calculated as 

∫
∞

∞−
−= dExEDOSEfxn ))(()()( ϕ                                                             (1) 

where ( )f E  is the Fermi-Dirac distribution function. Supposing that the induced 
potential is not so strong as to affect the metal’s electronic band structure then by 
expanding the relation above to first order we get 

.)()()()( ∫
∞

∞− ∂
∂

−= dE
E

EDOSEfxxn ϕδ                                                         (2)  

where 0( ) ( )n x n n xδ = − . The Poisson equation for this charge distribution can be 
written as 

2 2( ) ( ) /x xϕ ϕ λ∇ = .                                                                     (3) 
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Here λ  is the depth the electric field penetrates into the metal (the screening 
length) and is defined as 
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3 Electronic Structure Calculations 

In order to estimate the charge screening length within the electrodes their 
electronic density of states as a function of energy is needed (Eq. 4). We have 
calculated the DOS of the electrodes using the first-principle FP-LAPW method 
[10] implemented in the WIEN2k program package [2]. For the exchange-
correlation potential the generalized gradient approximation of Perdew-Berke-
Ernzerhof [9] is applied. In calculating capacitive or transport properties of tunnel 
junctions the surface effects are important [1]. The surface electronic structure of 
a metal can be very different from its bulk. In magnetic systems due to charge 
localization at the surfaces usually the surface atoms have higher magnetic 
moments compared to the bulk ones. Charge localization changes the Fermi level 
electronic population which is of prime importance in the capacitance or transport 
calculations. In this work, in order to investigate these surface effects at the Al 
electrode surfaces, we made a supercell which along the crystal’s c-axis was 
confined to five cells and a vacuum of 15 bohr was set between the adjacent 
supercells.  

 

Fig. 1: Density of states of a surface Al atom compared to that of the bulk. Zero of the 
energy is shifted to match the Fermi level. 
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In the two other directions it was left periodic. Spin-polarized calculations 
were carried out to check whether the surface atoms show any magnetization. If 
yes then in calculating the screening length the exchange interaction effects have 
to be accounted for. However, our calculations revealed almost no surface 
magnetization. Hence, for our later use we calculated the electronic DOS of the 
electrodes using nonmagnetic calculations. Fig. 1 compares the suface and bulk 
density of states of Al. 

 

4 Capacitance Calculations 

In section 1 it was discussed that the effective capacitance of a 
metal/insulator/metal contact can be considered as series combination of its 
geometrical and interfacial capacities [7]: 

 

Fig. 2: Variations of the inverse areal capacitance as a function of the dielectric constant 
in Al/Al2O3/Al and Pd/Al2O3/Al tunnel junctions. As thickness of the dielectric 

approaches zero the capacitors do not get short circuited and still due to the screening 
effect they have effective capacities of 21.35( / )F cmμ  and 21.99( / )F cmμ , respectively. 
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where A  is the tunnel junction’s cross section and )( 210 λλκ +=d is the distance 
between the plates of iC . Here κ is the insulator’s dielectric constant and 1(2)λ is  
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the charge screening length in the left (right) electrode. For the Al/ Al2O3/Al 
tunnel junction, after calculating the screening lengths from Eq. (4) and choosing 

5.9=κ for the dielectric Al2O3, we obtain 0 61 d Å= . This is about 11 Å longer that 
the length measured by Singh-Bhalla et al. [10] for the Al/AlOx/Al trilayer. The 
inverse areal capacitance (Eq. 5) of the Al/Al2O3/Al tunnel junction as a function 
of its dielectric thickness is plotted in Fig. 2. It can be observed that even for zero 
dielectric thickness the trilayer shows a finite effective capacitance which 
equals iC . From the figure when 0 d Å=  for the capacitance we 
read 21.35( / )F cmμ . So as to make a comparison with the results reported in Ref. 
[7], the inverse capacitance of the Pd/Al2O3/Al tunnel junction is also calculated and 
plotted in Fig. 2. This trilayer has a lager capacitance because the screening length in Pd 
is shorter than that in Al.  

 

 

Figure 3: Temperature dependence of the capacitance of the Al/Al2O3/Al tunnel junction. 
Capacitance of the Pd/Al2O3/Al tunnel junction plotted as a function of temperature is 

shown in the inset. The screening length in Pd decreases as temperature rises to 80 K and 
after that it increases with temperature but still λ of Al is dominant. 
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In order to study temperature dependence of the capacitance of tunnel junctions, 
the authors in Ref. [7] have expanded the Fermi-Dirac distribution function at low 
temperatures and, by keeping terms up to second order in T, have derived the following 
relation for temperature dependence of the screening length: 
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Here )0( == TTF λλ is the Thomas-Fermi screening length and the parameter 
η is defined as: 
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where ( )FN ε is the number of states at the Fermi energy of the electrodes. So as to 
calculate η  the first and second order derivatives of ( )FN ε  are needed. According 
to our calculations determining the derivative (especially the second order 
derivative) of the DOS at the Fermi energy is a rigorous task because a slight 
change in the input parameters of the program changes the density of states’ 
curvature at the Fermi level. This is more pronounced in the DOS of the surface 
Al atoms where an extrimum lies close to the Fermi energy (Fig. 1).  

Thus, in order to avoid such a differentiation problem, we self-consistently 
solved Eqs. (1) and (3) for different temperatures with the boundary condition that 
the ( )xϕ vanishes far from the interface and then estimated the screening lengths 
at each temperature from the decaying curves of the potential. In the case of Al 
the results show a monotonous decrease in λ with increasing the temperature but 
for Pd the screening length decreases with increasing the temperature from zero to 
about 80 K and after that it increases with temperature. This may be related to the 
work of Hernando et al. [3] where at 80T K= they measure a maximum for the 
magnetic susceptibility of Pd.   

Calculated temperature dependence of the capacitance of the Al/ Al2O3/Al 
tunnel junction is plotted in Fig. 3. It can be seen that as temperature increases, 
due to a more effective screening effect, the junction’s capacitance increases. 
Also, in the inset of Fig. 3 capacitance of the Pd-Al2O3-Al trilayer is shown as a 
function of temperature where a slope change can be seen at 80 .T K= This can be related 
to sign change of the parameter η  in passing 80T K= to higher temperatures.  

5 Conclusions  

In this paper we investigated the capacitance properties of the Al/ Al2O3/Al 
tunnel junctions as a function of the dielectric thickness and temperature. The 
electronic density of states required to calculate the screening lengths in the  
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electrodes were calculated using the WIEN2k first-principles simulation code. To 
be more realistic in calculating the screening lengths, we used DOS of the surface 
atoms. It was discussed that since differentiating the density of states at the Fermi 
energy is difficult and prone to errors then it would be better to calculate the 
screening length using a self-consistent procedure. Variations of the capacitance 
of the Pd/Al2O3/Al trilayer with temperature were also investigated and a slope 
change was observed at about 80T K= which is in agreement the reported 
experimental data. 
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