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Doubled Full Shot Noise in Quantum Coherent Superconductor-Semiconductor Junctions
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We performed low temperature shot noise measurements in superconductor (TiN) strongly disordered
normal metal (heavily doped Si) weakly transparent junctions. We show that the conductance has a
maximum due to coherent multiple Andreev reflections at low energy and that the shot noise is then
twice the Poisson noise (S = 4el). When the subgap conductance reaches its minimum at finite voltage
the shot noise changes to the normal value (S = 2el) due to a large quasiparticle contribution.
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We know, from early measurements, that the full shot
noise in an electronic device Spyion = 2¢I (first mea-
sured by Schottky in a vacuum diode) is proportional to
the mean value of the current / and to the charge ¢ of the
carriers [1]. This result holds for N-I-N tunnel junctions
where N is a normal metal and I an insulating barrier [2]
with ¢ = e the electronic charge. In S-I-N, due to elec-
tron pairing in the superconductor (S), the shot noise is
expected to be twice the full shot noise: S = 4el.
However, in such junctions the subgap current is very
small and the shot noise is not measurable. The subgap
current can be restored if the quasiparticles of the normal
metal are coherently backscattered towards the interface.
This reflectionless tunneling regime can be achieved by
adding a second barrier in the normal part of the junction
(S-I-N-I-N) or when the normal metal is disordered
enough [3-11]. The enhancement of the subgap current
is only seen at low energy when the electron-hole coher-
ence time in the normal metal is longer than the time it
takes for quasiparticles to return to the interface. Then,
the coherent addition of two (or more) Andreev reflec-
tions, each of them with a very small probability I'* (I is
the transparency of the barrier), yields to an increase of
the Andreev current through the interface. This effect can
be large, leading to an Andreev current proportional to I
instead of I'> < I' < 1 and can be comparable to the
normal current above the gap (also proportional to I').
Another way to increase the subgap current is to use
highly transparent S-N junctions. In this case doubled
shot noise is predicted and has been observed experimen-
tally at various temperatures [12,13]. However, the noise
level was always 3 times smaller than the doubled full
shot noise because of the diffusive nature of the normal
metal used in these experiments. Moreover, as shown
experimentally and reproduced theoretically [14], the
doubling of the shot noise occurs at any energies below
the superconducting gap and electron-hole coherence is
not required.

In this Letter, we report shot noise measurements in a
junction where a superconductor (TiN) is in contact with
heavily doped silicon. We show that the shot noise is twice
the full shot noise at low energy and equals the Poisson
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value at bias much smaller than the superconducting gap.
This behavior evidences a crossover from a low bias
Andreev dominated to a large bias quasiparticle domi-
nated subgap conductance.

The sample is made of two 100/10 nm thick TiN/TiSi,
contacts on top of a silicon substrate. The silicon is
heavily doped (n, = 2.10" cm™3) over a thickness of
0.6 um [6]. The two contacts are squares of 1 mm wide
and the distance between them is 1 or 2 wm. We present
the results obtained with the 1 wm sample and found the
same results for the 2 um sample. Because of the doping,
the silicon is metallic (kgl, = 3). Moreover, the super-
conducting TiN/TiSi, bilayer and the silicon are sepa-
rated by a Schottky barrier which stays symmetric
(nonrectifying) in our voltage range. Therefore, the con-
tact is described by a S-I-N junction where I stands for a
tunnel barrier. The transport properties have been studied
in details by Quirion et al. [6], and it was shown that the
junction presents reflectionless tunneling behavior at low
energy (T = 250 mK and V = 20 uV). Using Ref. [8] for
fitting the temperature dependence of the zero bias resis-
tance, the following parameters have been obtained: the
superconducting gap is A = 0.22 meV, the damping fac-
tor I'g [15] and the depairing rate 7;, are both relatively
large: I's/A =0.15*+0.01 and v;,/A = 0.27 * 0.05.
The typical Schottky barrier transparency is I' = 3.5 X
102, The fitting of the subgap conductance implies many
parameters and the quantitative agreement should be
taken cautiously. As in previous reports of reflectionless
tunneling [4,9-11] the large background subgap conduc-
tance cannot be attributed to Andreev reflection only,
but to a large quasiparticule contribution due to a large
I's. Moreover, most authors have concluded from conduc-
tance measurements to a nonuniform barrier interface,
that makes the theoretical comparison mostly qualita-
tive. In this context noise measurements are necessary
to discriminate between Andreev and quasiparticule
contributions.

We also know [6] that coherent effects take place under-
neath the contacts and do not extend sidewise in the
silicon between the contacts. The total sample can there-
fore be treated as two independent S-I-N junctions
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connected by a small piece of doped silicon of resistance
Rg;. The sample resistance is

R = 2Rc0mact + RSi = 2Rcontact + ququ,Si» (1)

sample
where Ry, si = 24 () is the sheet resistance of the silicon
and Ny, = 1/1000 the number of squares between the two
contacts. We also know that the current partially flows
below the contacts before entering the superconductor.
Therefore, R onict ( = 0.4 ) at low temperature) includes
the resistance of the barrier and the resistance of the
doped silicon underneath the superconductor which can
be larger than in the native film.

In Fig. 1, we plotted the differential resistance of one
contact as a function of the dc current and of the dc
voltage drop at the contact, measured with the experi-
mental setup used for the noise. We recover previous
results which show that coherent effect appears at ener-
gies below =20 weV, where the differential resistance
shows a maximum [6]. As long as the voltage stays above
20 wV, the differential resistance increases with decreas-
ing energy because both the quasiparticles and the un-
coherent Andreev contributions to the subgap current
decrease [16]. For low dc voltage and low temperature,
the coherence is established between successive reflec-
tions and the Andreev current increases. From the tem-
perature and voltage dependences of the conductance it is
possible to evaluate the respective parts of the quasipar-
ticle, uncoherent and coherent Andreev contributions. At
voltage much larger than 20 wV, both the Green’s func-
tions [8] and the Blonder-Tinkham-Klapwijk (BTK) [16]
descriptions give a dominant quasiparticle contribution
(the uncoherent Andreev contribution within the BTK
model is less than 10%). This is due to the large damping
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FIG. 1. Differential resistance at a contact for various tem-

peratures. The upper scale is the voltage drop at the contact. The
zero bias anomaly is characteristic for the coherent backscat-
tering of quasiparticles in a S-I-N junction where N is a
disordered metal (see text).
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factor I's for the quasiparticles density of states and to an
elevated effective electron temperature 7. induced at
finite voltage [6]. Such phenomenological T is intro-
duced to explain why eV, . = kpT,.x where V. =
20 wV is the voltage at which the resistance is maximum
and T,,,, =250 mK is the temperature at which the zero
bias resistance is maximum. From the theory, such rela-
tion is not obeyed if one supposes that the electron tem-
perature is the base phonon temperature. At voltage
smaller than 20 wV, the Andreev contribution (treated
within the Green’s functions formalism [8] which de-
scribes the coherent part) becomes larger than the quasi-
particle part (below V =20 uV the quasiparticle
contribution is less than 10%). At V =40 uV, due to an
increase of T, both contributions are estimated of the
same order.

For shot noise measurements, we used a SQUID based
experimental setup [17] which measures the noise of a
known macroscopic resistor (R,s = 0.13 {)) in series
with the sample. The total current noise power Si
measured, is then given by

R? RZ R?
S N contact + Se Si +S ref )
total contact (Z R)z Si (Z R)2 ref (Z R)z ( )

Here, Sconct 1S the noise we want to study, Sg; the thermal
noise generated by the silicon between the two contacts,
St the thermal noise of the reference resistor, and > R is
the sum of the resistances. We have chosen the sample to
be such that R, et => Rs;, Reef, thus the total noise is
principally the noise at the contact and the measurement
is mainly insensitive to both the noise between the con-
tacts and to the reference resistor noise. It is also insensi-
tive to a change of the electronic temperature within these
parts. At equilibrium, the noise is due to thermal fluctua-
tions (S = 4kzT/R) and the total measured noise is S =
4kgT/(> R). Far from equilibrium, Eq. (2) applies if
R ontact 18 the differential resistance.

In Fig. 2, we displayed the current noise power as a
function of the dc current that passes through the contact.
If we focus on the results obtained at T = 50mK, we
clearly see that the shot noise exhibits a kink around
30 wA which corresponds to the value of current where
the differential resistance shows a broad maximum
(Fig. 1). In the low bias regime (I <30 uA), the shot
noise is proportional to the current with a slope 4e
corresponding exactly to twice the full shot noise:
this is our main result. Note that we do not see the thermal
crossover at eV =~ kzT =5 ueV and that the solid line is
S = 4del + 4kgT /R onact(V = 0). At higher currents (I >
30 wA), the shot noise has a slope 2e as depicted by the
dashed line in Fig. 2. More precisely, the dashed line is
S =2el +1.5X 1072A?/Hz = 2(eV + E,) with E, =
22 ueV and where R = V/I is the resistance of the con-
tact. At higher temperature, the general behavior is
rounded by thermal fluctuations. Our noise results show
two unexpected features: first the crossover to S = 2el is
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FIG. 2. Current noise power as a function of the average dc
current. The solid and dashed lines correspond to 4e and 2e
slopes, respectively. The crossover between the two behaviors
occurs when the differential resistance shows a maximum (see
Fig. 1) indicating the change in the contributions to the current
from Andreev transport to quasiparticles currents.

predicted for voltage near the gap in the zero tempera-
ture models. As said before, in real superconducting-
semiconducting junctions exhibiting the reflectionless
tunneling a large quasiparticles contribution exists
much below the gap. This component explains the ob-
served crossover in accordance with our estimations from
conductance measurements, which indicate an increase of
the quasiparticles contribution with voltage due to the
increase of T in the silicon layer which is a bad thermal
reservoir [6]. The increase of T could also explain the
absence of thermal crossover near V=5 uV at T =
50 mK, our second unexpected result. However, the volt-
age dependent Johnson noise is rapidly overpassed by the
shot noise which grows linearly with the current. The
comparison with the noise characteristics at T =
100 mK shows actually that 7.y, which depends in a
complicated way on electrical power dissipation via elec-
trons, phonons, and superconducting contacts, increases
moderately.

In one dimension, Beenakker er al. [7] calculated the
zero energy conductance and shot noise in S-I-N diffusive
junctions for various values of I'L /I which corresponds to
the ratio of the resistance of the normal metal to the
barrier resistance (I' is the barrier transparency, L the
length of the normal metal, and [ its elastic mean free
path). It is shown that, when I' < 1, the shot noise reaches
twice the full shot noise for 'L/l < 0.1. At finite energy,
Hekking et al. [18] have shown that the length L should be
replaced by the phase coherence length Lg. From Ref. [6]
we get 0.25 for the ratio 'Ly /Il with T = 3.5 X 1072,
Ly =50nm and [ =7 nm. This estimate is in good
enough agreement with Beenakker’s predictions since
we do not know precisely the properties of the silicon
underneath the contact [6].
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In conclusion, we measured the shot noise in a S-I-N
junction where a strongly disordered metal (highly de-
generate silicon) is in contact with a superconductor
(TiN). We found that the shot noise is equal to twice the
full shot noise (S = 4el) at low energy in a regime where
electron-hole coherence enhances the conductance. This
result is expected from the theory [7] and corresponds to
the Walter Schottky experiment [1] with field emission of
Cooper pairs through a dielectrics. Electron-hole coher-
ence is required to restore a large enough 2e-(Andreev)
component of the subgap current allowing the measure-
ment of the doubled charge. Above 20 ©V, the shot noise
follows the Poisson noise Spy;sson = 2¢! due to a dominant
quasiparticle contribution.
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