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It is shown that the previously observed oscillations of the derivative of
the conductivity with respect to pressure (CDO) of N-I-N junctions are
due to excitation of transverse-electric (TE) waves by the tunneling
electrons in the region of the barrier.

PACS numbers: 73.40.Gk, 73.40.Rw

Recent experimental studies”~*' have revealed osz:illations of the derivative of the
conductivity with respect to voltage (CDO) in N-I-N tunnel junctions. We show in the
present paper that the onset of CDO is due to electromagnetic radiation of the tunnel-
ing electrons. We consider a symmetrical N-I-N junction in which the thickness d of
the dielectric liner is much less than the linear dimensions L, and L, in the junction
cross section. The contribution made to the derivative of the conductivity G (12 ) (see')
by inelastic tunneling with photon emission is

CA) =2¢| TI2E (22 Fw-0) Bk o).
k 2a

Here 2 = eV /#(V is the voltage on the junction), | T |2 is the square, averaged over the
Fermi surface, of the modulus of the matrix element that describes inelastic electron
tunneling with emission of photons, B (k, w) is the spectral intensity of the photon with
frequency @ and two-dimensional wave vector k(k,, k,), and the quantity
F (@) = z(z cothz — 1)/e sinh’z (z = #iw/2@) tends to a S-function as @—0.

In cases when the local approximation (LA) can be used for the dielectric con-
stants €, (@) of the metal and €{w) of the insulator, the spectral intensity of the pho-
tons of this system are obtained by the technique developed in the book." The applica-
bility of the LA (this question was discussed in detail by Economou'®) limits the region
of the admissible frequencies

/A, << mrm[l+(wrm)_2]3'/4, (1
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where / and 7, are the length and time of the free path of the electrons in the metals,
A, = ®,/c, w, is the electron plasma frequency in the metals, and c is the speed of
sound.

Further calculations are carried out with allowance for the next two circum-
stances. In addition to the limitation imposed on the frequency by the inequality (1),
we shall consider the voltage region for which .Q<a)p. Second, we assume that one of
the dimensions in the junction cross section is much smaller than the other (e.g.,
L,= L<L,). The tunneling electron will then excite TE waves that propagate along
the z axis. If we neglect the losses of the TE waves to radiation from the edges of the
junction in the p direction, then the only TE waves that can be excited in the tunnel
junction are those with k, =7n/L (n=0,1...). The foregoing stipulations make it
possible to express G (£2), after laborious but trivial calculations, in the form

6 o3| : 6
G~ L +2 3% J= m®B | coslnx - Z - = )
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where quantities ¢, X; ¥, and B are functions of {2, expressed in terms of
€{2y=¢€ +ie" and b(2) = [1 + (£2r,)?]"* with the aid of the complex quantities
a(f2)=ad +ia"

"=+ EeVb + T - e7"\b < 1) /Db,
a” = € b+ lee VBT /V2h;

&= 2)\p/d; ¢ =arctgla"/a’); B= X /hQ;
——— —_—
X=vVZTLAva’+|a|/c; y= V2 LQa’"/cva’+]|a]| .
In the derivation of (2) we used the standard expression for the transverse permittivity
of the metals, in the form €,,(2)=1— w;rm/ﬂ (27, — 1), which is convenient for
simple metals in the region where the inequality (1) is satisfied. In addition, it was
assumed that y>1. The latter means that we are considering voltages at which the

excited photons have sufficiently short wavelengths (d<A<L, A is the photon
wavelength).

In the analysis of (2) we confine ourselves to some concrete form of the function
€{{2). It appears that greatest interest attaches to the case when €{f2 ) relaxes in accor-
dance with the expression

€ —¢
o oo
Q) =€+ ——— ©))
1-iQr,
where €, and € are the static and optical dielectric constants, and 7, is the characteris-
tic relaxation time of the polarizability in the oxide.

In experiment, as a rule, the situation is such that max{y,27@8 } > 1, so that only
one term with # = 1 need be retained in the sum of (2). We consider first the case of a
“dirty” metal, when the condition f27,,<1 is satisfied in the region accessible to the
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measurements. We assume that the insulating liner is likewise not of very high grade
(127,4€1). Oscillations will then appear, with a voltage period

AQ = e fL el (1 + &y Q7720 % @

and with an amplitude that depends little on the voltage in the region where the
inequality 27@¢,(1 + §\/!2¢m/ 2)>#2[ (e, — € )27, + £ \/.Orm/2] is satisfied. As
soon as this inequality is violated, the CDO attenuate exponentially rapidly. If the
oxide between the “dirty” electrodes is of sufficiently high grade (27,3 1), the period
of the CDO changes only because ¢, in (4) is replaced by €_. On the other hand, the
region of voltages in which undamped CDO appear is determined by a different in-

equality, 27 @ [1+ \/2/§ \/ 7, 1> #0. Finally, if the electrodes of the contact are
made of a pure metal (27,5 1), then the CDO period is given by

AQ =nmcy2Z7/Ly (1 +f)(e'+l£i ). &)

In this case the CDO amplitude changes only in proportion to 272 in the temperature
region 27@¢ > fit{e, — €_).

We note in conclusion that the proposed mechanism explains the entire aggregate
of facts connected with the CDO, namely, it gives the correct order of magnitude of
AV (AV=10[1 + &) (€' + |€;|]]"* meV for L =107 cm, which agrees with the period
observed in Ref. 3), leads to a very weak dependence of the amplitude and period of
the oscillations on ¥, and, finally, agrees well with the fact that the CDO vanish after
annealing at room temperature. The point is that annealing causes the metal atoms to
diffuse into the dielectric liner and this results in a sharp decrease of 7, which leads to
a suppression of the CDO on account of the growth of y.
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