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IF a semiconductor is doped with two types of 
impurity, giving rise to two different energy lev
els, then at a sufficiently high impurity concentra
tion, when the wave functions of the impurity states 
partly overlap, optical tunnel transitions of car
riers become possible between nearby impurity 
centers of different type. We shall assume that 
the concentration of the centers with the shallower 
level is high. Therefore, a carrier, which finds it
self at one of these centers after an optical transi
tion, can take part in "jump" conduction along 
these centers. This gives rise to a characteristic 
photoconductivity. Carriers cross over from one 
impurity state to another without being transferred 
to the free bands (the conduction band or the hole 
band). This phenomenon may be observed also 
when the necessary two levels are due to a single 
impurity which may have several charge states. 

The effect just described was observed in ger
manium-doped with zinc and compensated with 
antimony -at the temperature of liquid helium. 
Zinc forms two acceptor levels in Ge, which are 
separated by 0.03 and 0.09 eV from the edge of 
the valence band. The concentration of zinc in 
different samples varied from ;:::; 1014 to 3 x 1017 

em -3• The concentration of antimony was in each 
case selected so that the 0.03 eV level was com
pletely and the 0.09 eV level partly filled with 
electrons. The photoconductivity spectra of these 
samples were measured. The results are shown 
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Photoconductivity spectrum of Ge:Zn:Sb. Zinc concentra
tion (in cm-3 ): 1) 1.2 x 1015 ; 2) 1.6 x 10' 6 ; 3) 4 x 1016; 4) 3 x 
1017• Field 50 V /em, T = 4.2°K. 

in the figure, from which it is evident that at zinc 
concentrations of ~ 1015 em - 3 the spectrum has a 
shape typical of the impurity photoconductivity due 
to the photoionization of Zn-. [1 J On increasing 
the zinc concentration, a photoconductivity peak 
appeared beyond the long-wavelength edge, the 
maximum of the peak lying at the photon energy 
of 0.06 eV. The height of the peak rose with the 
concentration of zinc but its position was not 
affected. 

The appearance of this peak is due to an optical 
transition of a hole from a zn- ion to .a nearby 
similar ion. A second hole of the resultant neutral 
atom Zn ° wanders along the Zn- ions and con
tributes to the jump conduction. A confirmation 
of this interpretation is provided by the charac
teristic photoconductivity spectrum (a narrow 
peak), the exact coincidence of the peak position 
( 0.06 eV) with the difference of the energies of 
the two zinc levels, the concentration dependence 
of the height of the peak, the absence (or a very 
small value ) of the photo-Hall effect at the peak, 
and the presence of a considerable "jump" con
duction along the zinc levels. [2] 

The effect described cannot be related to an 
optical transition of a hole to an excited state in 
the same Zn- ion because, as shown in [3], there 
are no optical transitions with the energy ;:::; 0.06 
eV inside zn- ions in Ge. 

It is interesting to note that an increase of the 
electric field to ;:::; 200 V /em splits the peak into 
four components. 

The authors are grateful to S. G. Kalashnikov 
for valuable discussions. 
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As far back as 1932 [1], I. E. Tamm pointed out 
the possibility of the existence of surface levels, 
i.e., electron states localized on the crystal sur
face. The problem of surface levels has subse
quently been dealt with many times (see, for ex
ample, [2]) but their influence on the properties of 
a crystal have until now remained, to the best of 
our knowledge, insufficiently clear. On the one 
hand, this is due to the nonideal state of the real 
crystal surface, the presence of adsorbed layers, 
etc. On the other hand, even if the surface were 
ideal, it would be difficult to observe the additional 
conduction due to the presence of partly filled sur
face levels because of the shunting action of the 
volume conduction. 

The surface conduction would play an important 
role if the surface electrons (the electrons at the 
surface levels) were able to go over into the super
conducting state. And in this connection, the ques
tion arises whether the Cooper effect [3] is possible 
in the case of surface electrons. 

It is easy to show that in a two-dimensional sys
tem even the smallest resultant attraction between 
the particles should give rise to the formation of 
correlated pairs and the appearance of a gap in the 
spectrum of one-particle excitations. Using the 
interaction Hamiltonian 1> 

we can easily prove that the usual discussion (see, 
for example, [4]) remains completely valid if the 
two-dimensional quantities are everywhere re
placed by three-dimensional ones. In particular, 
the excitation spectrum is given by the expression 
Ep = [v2(p-p0 ) 2 + ~2 ] 1 12 , where vis the velocity 
on the Fermi boundary and Po is the momentum 
at the boundary, related to the electron density p 
by the expression p = p~ I 21r. The equation for the 
determination of the gap ~ at T = 0 has the form 

(2) 

Integrating Eq. (2) with respect to x = v ( p -Po) be
tween the limits - WD and WD, where WD « VPo. 
we obtain 

L1 = 2wn exp(- 2n f m 1 ').. 1 ). (3) 

On the other hand, in the three-dimensional case 
the well-known Bardeen, Cooper, and Schrieffer ' 
expression (see [4]) has the form 6.' = 2WD x 
exp ( -27r2/mp0 I A.' f), where A.'= V is a three
dimensional interaction constant of the type given 
by Eq. (1) and N ( 0) = mp0 /21r2 is the density of 
states at the Fermi boundary. 

The sign of the interaction constant A., as in the 
volume problem, cannot be found reliably. There
fore, we shall restrict ourselves to indicating the 
existence of the effects (among them is the ex
change between surface phonons corresponding 
to Rayleigh waves) which probably make a con
tribution to the attraction between electrons ad
ditional to that which obtains in the interior. In 
any case, we cannot exclude the possibility that 
under certain conditions the sign of A. may be 
negative. If the interaction between electrons 
(one -particle excitations ) in the three -dimensional 
and two-dimensional cases is of the same order 
then A.~ p0A.' ~ A.' /a and In~ ~ ln ~' (here ' 
a ~ 3 x 10-8 is the lattice constant and it is as
sumed that n = 1 everywhere). 

When A. < 0, the surface electrons go over into 
the superconducting state. At the same time, in 
the interior of the metal, there may be no attrac
tion or at least it may be represented by a differ
ent value of the gap. In the latter case, the sur
face superconductivity should be noticeable only 
when the gap (and that means also the critical 
temperature) is smaller for the volume supercon
ductivity than for the surface superconductivity. 
We note that, in addition to the surface supercon
ductivity of this type in metals, we can have in 
principle another case when the electrons at the 
levels of the volume type experience excess at
traction only near the surface. However, we shall 


