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Giaever' and Nicol, Shapiro, and Smith' have
reported experiments on electron tunneling
through metal oxide barriers between a metal
and a superconductor, Ml B ~S, and between two
superconductors, S, [B~S,. The tunneling pro-
cess which involves "unpaired" charge carriers
can be simply described in terms of a quasi-
particle energy band picture in which the super-
conductor is represented, at temperatures be-
low its transition temperature, as an intrinsic
semiconductor with a temperature- dependent
energy gap, EG =2m„and equal effective masses
for electrons and holes [Fig. 1(a)].

For small bias voltages, Vh, such that )eVy)
is less than Eg/2 in the case of M

~
B (S and less

than (EG +Eg )/2 in the case of S, ( B)S„ the
tunneling current depends on the density of ther-
mally excited carriers. For larger bias voltages,
the tunneling current is essentially independent
of the density of thermally excited carriers and
results in the "injection" of electrons and holes
into the conduction and filled bands of the super-

conductor. The concept of "photo-injection" of
carriers by optical excitation across the energy
gap of the superconductor follows quite naturally.
These considerations suggest the use of "low-
voltage" tunneling in M(B [S and S [B(S structures
for the quantum detection of microwave and sub-
millimeter-wave radiation in a manner which is
analogous to the detection of visible and near in-
frared radiation by p njunctio-ns in semicon-
ductors [Fig. 1(b) J. Such superconductor photo-
detectors would have long-wavelength limits,

, determined by the energy gap of the su-
perconductor used. Thus, for aluminum ~max
= 3.9 mm corresponding to E~ = 3.2 x10 ev, and
for lead x =0.46 mm corresponding to E=2. 7
x10 ' ev''

The magnitude of the tunneling current due to
optically excited carriers will depend, among
other things, on the lifetime of the carriers. The
processes which limit the lifetime include (a) the
recombination of electrons and holes across the
gap, (b) the pairing of electrons in the conduc-
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Sl 8 SI FIG. 1. {a) Quasi-particle
energy band diagrams for an
M[B)S str~cture and an S,(B(S,
structure in which the two
superconductors are the same.
{b) Tunnelling of optically ex-
cited carriers in M ( B ( S and
S((B(S( structures under low
bias voltage conditions.
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FIG. 2. The dependence of q v and of Ug z, which
is proportional to the radiative recombination rate per
unit frequency interval, on u =5~/kT for lead at 2'K.

tion band and the corresponding pairing of holes
in the filled band, and (c) in the case of Ml B IS
structures, the simultaneous tunneling of elec-
trons and holes into the metal from the super-
conductor and their subsequent transition to the
Fermi surface of the metal. At the present time,
estimates for the lifetimes for these processes
which may be radiative or nonradiative are not
available. We have carried out an estimate of
the electron-hole radiative recombination life-
time, 7 t, for lead at 2'K using the theory of van
Roosbroeck and Shockley' (Fig. 2). The depend-
ence on frequency of g'K, where g+ ix is the com-
plex refractive index, was derived from theoret-
ical expressions for a, + ia, , the complex con-
ductivity, obtained by Mattis and Bardeen, 4 w'hile

the density of thermally generated carriers, n~,
was calculated from the quasi-particle density
of states of superconductors given by the Bar-
deen, Cooper, and Schrieffer theory' and a value
of N(0) = 2.2 x 10"/cm' which Gold' proposed for
the density of states at the Fermi surface of lead
in the normal state. The theoretical values of
v, and a, are in reasonable agreement with the
experimentally determined values obtained by
Glover and Tinkham' and Qinsberg and Tinkham'
but do not show any of the structure near the

band gap which is present in the experimental
spectrum. We obtain n, = 5.5x10"/cm' and

To t 0 4 sec. It is, theref ore, very unl ike ly
that the radiative recombination of electrons and
holes is the dominant process which determines
the lifetime. Measurements of the tunneling cur-
rent due to optically and electrically injected
carriers should provide an effective means for
obtaining information about the lifetime, and, in
appropriate configurations, about the diffusion
length of the unpaired carriers in superconduc-
tors.

B. Rosenblum of RCA Laboratories has pointed
out that photoexcited carriers in the metal of the
MI B IS structure may also contribute to the tun-
neling current. This would extend the photore-
sponse to longer wavelengths with A.max con-
trolled by the bias voltage. The magnitude of the
photoresponse of the metal would be expected to
be much smaller than that of the superconductor
since the lifetime of the excited carriers in the
metal is very much shorter than the correspond-
ing lifetime in the superconductor.

The metal and superconductor films used in the
superconductor photodetectors must be much
smaller than the wavelength of the radiation in
the films in order to decrease the reflection and,
thereby, to increase the absorption of the inci-
dent radiation by the superconductor. An S, I B IS,
structure is an ideal configuration for such de-
tectors. On the one hand, it avoids the annihila-
tion of electrons and holes by simultaneous tun-
neling of electrons and holes from the supercon-
ductor into the metal which can occur in MI B IS
structures, and on the other hand it allows an
optimum absorption of the incident radiation by
the superconductor layers. The absorption of
radiation by an S, I

B IS, structure can be calcula-
ted by considering the composite structure as a
single superconductor film. Curves of the ab-
sorptivity, A, and of A/(Ru/EG) which is pro-
portional to the number of photons absorbed per
unit intensity of incident radiation, are plotted
as a function of h~/EG in Fig. 3 for lead films
having thicknesses of 5, 15, and 150 angstroms.
We see that the absorptivity of the 15-angstrom
film approaches the maximum value of 0.5 at
k&u/EG= 2.5. However, the 150-angstrom film
still exhibits an appreciable absorptivity, having
a value of 0.15 at hco/EG= 3. The photoresponse
of the S, IB IS, structure may be expected to differ
somewhat from the photon absorption spectrum
as a result of two effects: (a) a dependence of
the lifetime of the excited carriers on energy,
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FIG. 3. Absorptivity and photon absorption spectra
for superconducting lead films of 5, 15, and 150-ang-
strom thicknesses.

and (b) an increase in |Iuantum efficiency for
high-energy photons due to secondary impact
ionization processes, as has been observed in
the case of photoconductors. ' The latter effect
would increase the photoresponse at the higher
frequencies and, thereby, would compensate for
the decrease in photoresponse resulting from the
decrease in the number of photons absorbed per
unit intensity of radiation with increase in fre-
quency. However, the photoresponse may also
be expected to exhibit a sharp drop-off at fre-
quencies greater than the "collision" frequency
of the carriers (not shown in Fig. 3) where o,
exhibits a I/&u~ dependence.

Operating conditions for the superconductor
photodetector are straightforward. The super-
conductor should be maintained at a temperature
well below its transition temperature in order to
diminish the thermal generation of carriers.
Under these conditions (kT«EG) the thermally
excited carriers obey Mamvell-Boltzmann sta-
tistics and the equilibrium density of excited
carriers is, to a good approximation, given by
n~ =N(0)(pEGkT) ~ exp(-EG/2k T)/2 which has the

same temperature dependence as a one-dimen-
sional intrinsic semiconductor. For optimum
response the temperature is lowered to a point
where the rate of optical generation of carriers
by background radiation is greater than the rate
of thermal generation. " Under these conditions
the fractional change in carrier density produced
by a small radiation signal is given by 6n/n~
= Gs/Gb, where Gs is the rate of generation by
the radiation signal and Gy is the rate of genera-
tion by the background radiation accompanying
the radiation signal. The frequency response of
the photodetector should be limited only by the
lifetime of the excited carriers. It should also
be noted that the photodetector can be operated
with bias voltages of either polarity, as con-
trasted to the semiconductor photodiode.

It is a pleasure to acknowledge the valuable
discussions we have had with R. Amado, M.
Cohen, R. Parmenter, A. Rose, B. Rosenblum,
A. Rothwarf, P. Stiles, and R. deZafra. This
research was supported in part by the U. S.
Atomic Energy Commission.
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'I. Giaever, Phys. Rev. Letters 5, 147 (1960); 5,
464 (1960).

2J. Nicol, S. Shapiro, and P. H. Smith, Phys. Rev.
Letters 5, 461 (1960).

3W. van Roosbroeck and W. Shockley, Phys. Rev.
94, 1558 (1954).

4D. C. Mattis and J. Bardeen, Phys. Rev. 111, 412
(1958).

~J. Bardeen, L. N. Cooper, and J. R. Schrieffer,
Phys. Rev. 108, 1175 (1957).

6A. V. Gold, Phil. Nag. 5, 70 (1960).
7R. E. Glover and M. Tinkham, Phys. Rev. 108,

243 (1957).
D. M. Ginsberg and N. Tinkham, Phys. Rev. 118,

990 (1960).
SV. S. Vavilov, J. Phys. Chem. Solids 8, 223 (1959).
E. Burstein, G. Picus, and N. Sclar, Photocon-

, ductivity Conference (John Wiley 5 Sons, Inc. , New
York, 1956), p. 353.


