
~ )  Pergamon Solid State Communications, Vol. 97, No. 6, pp. 543-547, 1996 
Copyright © 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0038 1098/96 $12.00 + .00 

0038-1098(95)00605-2 

INDIRECT TUNNELING IN METAL-INSULATOR-METAL JUNCTIONS 

V. Fleurov, M. Karpovski, M. Molotskii and A. Palevski 

School of Physics and Astronomy, Beverly and Raymond Sackler Faculty of Exact Sciences, 
Tel Aviv University, Tel Aviv 69978, Israel 

A. Gladkikh 

Department of Electronic Devices and Materials, Faculty of Engineering, Tel Aviv University, Tel Aviv 69978, 
Israel 

and 

R. Kris 

Graduate School of Applied Physics and Technology, Hebrew University, Jerusalem 91904, Israel 

(Received 10 June 1996 by S. Alexander) 

I -  V characteristics of realistic MIM junctions were calculated assum- 
ing a two step indirect tunneling as the major mechanism. Electron- 
phonon broadening of the energy level of the intermediate defect states 
is taken into account. The theory is compared with our experimental 
investigations of Pd-MgO-Pd  junctions and good quantitative agree- 
ment is achieved. The intermediate states are provided by the F-centers 
of the MgO vacancies. A consistency between the experimental data 
and the theory is obtained for the values of the physical parameters 
known from independent studies on MgO. 
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1. INTRODUCTION 

THE PRINCIPAL mechanism of electronic transport 
through thin dielectric barriers is quantum mechani- 
cal tunneling. The simple theories of direct tunneling 
disregard imperfections within the barrier. Therefore, 
the electron tunnels directly from one electrode to the 
other across the entire dielectric layer [1]. However, 
real dielectrics in the metal-insulator-metal (MIM) 
junctions contain various defects which may assist 
tunneling. Tunneling via the intermediate states of the 
defects is usually called indirect tunneling. The rela- 
tive contributions of the direct and indirect tunnelings 
are sensitive to the height and width of the barrier as 
well as to the type and concentration of the defects. 
The indirect contribution becomes dominant for very 
high and/or wide barriers [2]. 

Attempts to describe the tunneling in realistic 
junctions within the framework of direct tunneling 
lead to unrealistic fitting parameters [3]. At some 
extreme cases, the electron effective mass an order of 

magnitude smaller than its bulk value is assumed, in 
other cases a height of the barrier 3-4 times smaller 
than estimated from the work function values is 
required. Simultaneously the barrier width and the 
effective tunneling area of the junction are assumed to 
be significantly smaller than follows from the capaci- 
tance measurements. Moreover, the observed tem- 
perature dependences of the tunneling current in 
realistic junctions cannot be explained by direct 
tunneling. 

Inability of the direct tunneling model to describe 
the realistic systems motivates a study of indirect 
tunneling. Recently there have been a number of 
publications (e.g. [4-7] and references therein) where 
basic equations for the current-voltage ( I - V )  char- 
acteristics were derived and attempts to describe 
qualitatively the experimental results were made. 
However, expressions allowing for a quantitative 
analysis of the experimental data are still to be 
derived. 

543 



544 INDIRECT TUNNELING IN MIM JUNCTIONS Vol. 97, No. 6 

In this paper, we aim to derive a quantitative 
theory of the indirect tunneling through realistic 
dielectrics and to compare it with our experimental 
data. Our model assumes that the tunneling through 
the barrier is a two step process where the intermedi- 
ate states are provided by defects within the dielectric 
layer. The main point of the model is that the inter- 
mediate defect states are broadened by a strong 
electron-phonon interaction. The theory employs 
physical microscopic parameters most of which are 
known from independent measurements. The expres- 
sion for the I -  V curve obtained in this paper fits very 
well our measurements for P d - M g O - P d  junctions 
and allows us to determine three parameters, 
namely, defect density, electron localization radius 
and half-width of the polaron band. The values 
obtained for these parameters agree quite reasonably 
with results of other experiments and calculations. 

2. CURRENT-VOLTAGE CHARACTERISTICS 
OF MIM TUNNELING JUNCTION 

As is shown in reference [5], the current flowing via 
a single trap in the dielectric layer is given by 

! Ig(E )[ J~(E) - f r ( E  + eV )] dE, (1) J 

where V is the voltage across the junction, J~(E) and 
fr(E) are the Fermi distribution functions in the left 
and the right electrodes, and e is the electron charge. 
The conductance, g(E ), depends on the widths Pt and 
Fr determined by the corresponding tunneling ampli- 
tudes. The latter are assumed to be very small as 
compared to the electron energy E0 in the defect 
(Ft, r << Eo), which allows one to express the conduct- 
ance as 

4e 2 FI(E)Fr(E ) 
g(E ) = ~-~ FI(E ) + rr(E ) ~(E - Eo). (2) 

The popular insulators employed in the MIM 
junctions are ionic dielectric crystals, where electrons 
interact strongly with longitudinal optical phonons. It 
was shown references [4 and 6] that such an interac- 
tion may give a strong impact on the I - V  character- 
istics. In the crystals with strong electron-phonon 
interaction, the probability of the elastic indirect 
tunneling is negligible compared to multiphonon 
processes. The electron energy in the defect, E 0, is 
broadened to a polaron band [6] and therefore the 6 
function in equation (2) should be substituted by 

W ( E ) -  1 { ( E - E ° ) 2 )  
2x/2x/2x/2x/2x/2x/2~a z exp (3) 2or 2 

where a is the half-width of the polaron band. Similar 

equations are widely used for interpretation of experi- 
ments on tunneling electron transport in chemical and 
biological systems [8]. 

The current density j is the sum of the contribu- 
tions (1) coming from all the defects in a unit area 

Io J0 ° F,(E, V, Z)Fr(E , V, z) 4e dz nv(z) dE r/(E, V, z) + rr(E, V, z) j = ~ -  

x W(E, V,z)[f t(E) - f r ( E + e V ) ] .  (4) 

Here, nv(z) is the average defect density at distance z 
from the edge of the left electrode, a is the thickness of 
the dielectric layer. Equation (4) is valid only for low 
defect densities (n~/3a << 1) when the contributions of 
tunneling via more than one defect state can be 
neglected. 

In order to calculate Ft. r(E ), the standard approx- 
imations as in the theory of the direct tunneling [1] are 
used. The electron energies in our further calculations 
will be counted from the bottom of the conduction 
band of the left electrode metal. The behavior of the 
metal electron tunneling inside the dielectric is 
described by the wave function 

2 k± 
~c( P, z) - ~ k± + it~(mc/me) 

eikllP-m(s+:)~ z ~ 0, 

(5) 
where 

/2me( h2k2~ 
~;=V~- UO- 2mc}, 

U0 is the barrier height, k± and kll are the components 
of the electron wave vector perpendicular and parallel to 
the interface, f~ is the volume of the metal. The reference 
point for the coordinate z is chosen to be at the defect, 
which is situated at a distance s from the interface. 

It is expected that the principal contribution to the 
indirect tunneling will come from the F-centres. MgO 
is known [9] to contain a large amount of the anion 
vacancies, which capture two electrons in the ground 
state creating F-centers. F+-centers (vacancies with 
only one electron captured) have smaller localization 
radii [10] and their contribution is less important. 
Therefore, we believe that the two steps of the indirect 
tunneling are as follows. First, one of the two 
electrons of the F-center tunnels to the corresponding 
electrode, and then an electron from the other 
electrode arrives at the vacant place in the F-center. 
As a result we have to consider the behavior of the 
electron in the Coulomb field 

e 2 
Uc( p, z) - / , (6) 

eo ~/p2 + z 2 
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where e0 is the static dielectric permeability. Such a 
potential has been calculated in detail [11, 12]. At a 
large distance from the defect the effective mass approx- 
imation yields the electron wave function in the form 

1 
exp - , (7) 

where R is the electron localization radius. 
The transition matrix element between the defect 

(7) and metal (5) states in the field of the defect (6) 
reads 

(clSclO)=_4~R3 e2o k i  
eo~o k± + iro(mc/me) 

(8) 
( 1 e-,0s 2n0 - ) 

X . . . .  /~ K; 0 N2 _ /~2 e ~¢s 

where 

= v/k,  + /~0 

The width of the localized level caused by the 
tunneling of electrons to the metal states whose 
density is 

f~kll dkll dk± (9) 
dpf - 4rr 2 dE 

can be obtained by means of the Fermi golden rule 

z) = f I(cl gcl0)l 2 dpf 
J (10) 

= 8Ry*o~(ff, 7, e, #, no)- 

Here 

% e, n0) 

= #3/2~3/2n3 I i  

and 

x~/1 - x 2 
dx 

- x 2) + #u (x ) ]v (x )  

u(x) - v(x) ) 

u(x)= / 3 - e ( 1 -  x2), v(x) =n~ +e# x2, 

Ry*= mee4/2h2e~, Ep = hZ/Zmer~, r o is the lattice 
spacing in the dielectric; ~=s/ro, "~= Uo/Ep, 

= E/Ep, % = ro/R, and # = m~/me. The tunneling 
width F r is also given by equation (10) in which s is 
substituted by a - s. 

The last expression does not account for the 
voltage applied accross the junction. As was shown 
for the double barrier structures [13] the application of 
a strong electric field can increase F by several orders 
of magnitude. Therefore, the quantitative theory 
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cannot ignore this effect. It should be noted that this 
F(V ) dependence has been neglected in the previous 
publications [4-7]. 

As first suggested by Simmons [14] and success- 
fully used in recent calculations [15, 16] the 
electrical field effect can be accounted for by substi- 
tuting the barrier height U by its average value in the 
field. In our case, it means that the average barrier 
heights are 

Ut = U-½eVS-a and U r = U - ½eV(1 + s)  

for the left and right electrodes, respectively. In addi- 
tion, we should account for the linear shift of the 
defect energy E 0 and substitute it with 

Eo(s, V)  = Eo - e V  s .  
a 

Therefore, the function W(E ) equation (3) becomes s 
and V dependent. 

3. EXPERIMENTAL RESULTS AND 
DISCUSSION 

Three sets of P d - M g O - P d  (30, 40 and 50,~) and 
A u - M g O - A u  (40, 60 and 80A) junctions with 
different MgO thicknesses were deposited onto 
sapphire substrate. The standard vacuum evapora- 
tion (p-~ lx  10-6Torr) by electron gun was 
employed in consecutive deposition of the layers. 
The top electrode layer was evaporated through the 
mesh with an area of 100 x 100/~m. Two terminal 
I - V  characteristics of the junctions were measured 
at room temperature using HP-4145B parameter 
analyzer. The results of the electrical measurement 
for P d - M g O - P d  junctions are presented in Fig. 1 
and discussed below. 

The theory developed in Section 2 is now applied 
to a realistic P d - M g O - P d  structure. The barrier 
height counted from the bottom of the metal conduc- 
tion band at the Pd-MgO interface is obtained as 
Uo = Ef + • - X = l l .12eV where Ef = 7eV [17] is 
the metal Fermi energy, ~ = 5.12eV [18] is the metal 
work function, and X = 1 eV [19] is the affinity of the 
dielectric. The following parameters are employed 
m~.=2.1m 0 [17], me=0.35m0 [20], r0=2 .105A,  
eo = 9 .8 .  

The electron tunnels via a nonrelaxed defect 
state [6] which can be also revealed, e.g. in 
luminescence spectra. Arguments in favor of an 
active participation of the F-centers in tunneling via 
MgO layers were presented above. The level 
positions of the centers can be obtained from 
previous experiments [12]. The luminescence band 
with a maximum at 2.3eV is caused by the 
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Fig. 1. I - V  characteristics of the MIM junctions 
for 30.~ (a), 40 A (b), and 50 A (c) dielectric layers. 
Circles denote the experimental data for the 
P d - M g O - P d  junctions. Solid lines are theoretical 
curves. 
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1TI, - - ~  lAlg transitions. Since the excited ~ T~, state 
is known [21] to lie 0.06eV below the bottom of the 
MgO conduction band, the nonrelaxed I Alg states 
which contribute to the indirect tunneling, lay at 
2.36eV below the conduction band. Accounting for 
the above value U0 this level lies at E 0 = 8.76 above 
the bottom of the metal conduction band. 

Figure 1 shows that at R = 3.63.A and 
a = 0 . 4 7 - 0 . 5 7 e V  the theoretical current-voltage 
dependences agree well with the experiment. The 
density of the tunneling centers (F-centers) corre- 
sponds to the observed current density and varies in 
a narrow interval from nv = 1.3 × 10]6cm 3 to 
% = 3 . 1  × 10]6cm -3 for different samples. This 
value is quite reasonable for MgO. In many 
situations it may be, in principle, even larger, e.g. 
samples with nv up to 10]Scm 3 were used in the 
luminescence measurements [12, 22]. As for the 
half-width a, it may be compared with the half- 
width of  the F-center luminescence band in MgO 
(0.72eV [12], 0.65eV [22]). A certain deviation of 
these results can be attributed to the fact that the 
two experimental situations are different since the 
initial electron states differ. Such large values of the 
level widths are caused by an extremely strong elec- 
t ron-phonon  coupling typical of MgO. According 
to the calculations carried out by Wilson and Wood 
[21] the Huang-Rhys  factor for the ITlu--eAlg 
transitions in the F-centers is very large S = 14. A 
reasonable value of the radius R of the nonrelaxed 
state is also obtained. It is to be expected that this 
value is larger than the radius of 1.66A calculated 
for the relaxed state [23]. 

Our assumption is that the parameters R and 
relate to the bulk properties of MgO; thus, changing 
the metallic electrodes would not effect their values. In 
order to check this, I - V  characteristics of tunneling 
A u - M g O - A u  junctions were measured. The para- 
meters R = 3.82,~ and cr = 0.58 eV were extracted by 
the procedure similar to that described above and they 
appeared to be very close to the corresponding values 
in the P d - M g O - P d  junctions. It certainly favors their 
bulk character. 

It is emphasized that other experimental tech- 
niques produce little information on the localization 
radius of  a MgO F-center or any other data on the 
structure of the electron wave function. This sort of 
information for paramagnetic centers is often 
obtained by means of electron nuclear double 
resonance (see, e.g. [24]) which, however, appears to 
be useless in our case when dealing with nonmagnetic 
defect. It means that analyzing the I -  V characteristics 
gives us a way to study the electron wave function of 
such centers. 
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4. CONCLUSIONS 

To summarize we have calculated the I - V  
characteristics for the realistic MIM junctions assum- 
ing phonon assisted two step indirect tunneling to be 
the main process. Our model describes excellently the 
experimental observations. Most of the parameters 
used in the model are taken from independent 
measurements published elsewhere. The other three 
parameters, namely, the defect concentration nv, 
localization radius R, and the half-width cr appear to 
be bulk characteristics of MgO independent of the 
electrodes. Their magnitudes are in reasonable agree- 
ment with theoretical estimates and data available by 
other experimental techniques. 
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