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Observation of Andreev Reflection Enhanced Shot Noise
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We have experimentally investigated the quasiparticle shot noise in NbNyMgOyNbN superconductor-
insulator-superconductor tunnel junctions. The observed shot noise is significantly larger th
theoretically expected. We attribute this to the occurrence of multiple Andreev reflection process
in pinholes present in the MgO barrier. This mechanism causes the current to flow in large char
quanta (Andreev clusters), with a voltage dependent average value ofm ø 1 1 2DyeV times the
electron charge. Because of this charge enhancement effect, the shot noise is increased by the factom.
[S0031-9007(97)04416-5]

PACS numbers: 74.50.+r, 72.70.+m, 74.80.Fp
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A dc currentI flowing through a vacuum tube or a tunne
junction generates shot noise, time dependent fluctuati
of the current due to the discreteness of charge carrie
Shot noise studies provide information on the nature
conduction not obtainable by conductance studies, e.g.,
electric charge of carriers or the degree of correlation in t
conducting system. For an uncorrelated system in wh
the electrons do not interact, the passage of carriers can
described by a Poisson distribution. The spectral dens
of current fluctuationsSI then equals full shot noise:
SI  2qI  PPoisson for zero frequency and temperatur
[1]. The charge quantumq is normally the electron
chargee.

In superconductor-normal metal (SN) systems A
dreev reflection occurs, causing an effective charge
be transferred of2e. Because of this doubling of the
charge, the shot noise in such a system is predic
to have a maximum of twice the Poisson noise [2–4
More recently, giant shot noise in the supercurrent
predicted in a single-channel superconductor–norm
metal–superconductor (SNS) point contact [5] which
attributed to transport of large charge quantasq ¿ ed
at finite voltages caused by multiple Andreev reflectio
(MAR) [6]. Observation of enhanced charge quanta
SN or SNS structures requires a combination of condu
tance and shot noise measurements. Despite exten
theoretical work, experimental results in this field are rar
A recent experiment [7] is performed on a NbNycyNb
structure in whichc is assumed to be a Nb constriction
with a length of 7 nm and a diameter of 15 nm. At 9.5 K
the structure acts like an NS interface but doubled sh
noise is not observed. The predicted giant supercurr
shot noise is not observed either (at 4.2 K).

From an applied point of view, shot noise in supe
conducting structures is of interest since this noise form
a major limitation to the sensitivity of NbNyMgOyNbN
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superconductor-insulator-superconductor (SIS) THz
diation detectors [8].

For these reasons, we have investigated quasipart
current transport and shot noise in an SNS structu
in which the quasiparticle current is carried by MAR
Anticipating the experimental shot noise results presen
in this paper we demonstrate thatin a system in which
multiple Andreev reflections occur the quasiparticle sh
noise at V , 2Dye has a maximum value given b
SI  s1 1

2D

eV d2eI because current is effectively carried
by multiply charged quanta. The maximum shot noise
is obtained if the transmission probability of the syste
approaches zero [3].

The structure under study consists of a NbNy
MgOyNbN SIS tunnel junction with small defects in th
1 nm thick MgO barrier acting as parallel SNS poin
contacts. Commonly used NbyAlOxyNb tunnel junctions
are known to exhibit very low subgap “leakage” curre
because the barrier is formed by thermal oxidation
a thin Al layer which wets the Nb surface. For NbN
junctions such a thermal oxidation process is not yet
tablished. Currently the best results are obtained by dir
deposition of the barrier material [9], and defects occ
due to “missing atoms” since the barrier is comprise
of merely 1–2 atomic layers in high current densi
junctions [10]. In Fig. 1 the nearly perfect tunnelingI , V
characteristic of a Nb junction is compared with that
a typical NbN junction. Both are measured at 4.2 K
The NbN junction area is 0.8mm2, the normal resistance
RN is 25 V, and the gap voltage2Dye is 4.8 mV. The
Nb junction has an area of 1mm2, a normal resistance
RN of 56 V, and a gap voltage of 2.8 mV. Clearly th
subgap current of the NbN junction is much larger tha
the current in the Nb junction. In addition the subha
monic gap structure in the NbNI , V and dVydI curves
indicates that the subgap current is predominantly carr
© 1997 The American Physical Society
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FIG. 1. NormalizedI, V and Rdyn  dVydI curves of a Nb
and NbN junction. The subgap structure is clearly visible u
to the fourth harmonic in the NbNRdyn curve.

by MAR [6]. Since MAR is evidence for the presence
of higher order processes [11] the observation of MA
indicates conducting paths with transmissivities close
1, which we further call pinholes. A remarkable featur
of a pinhole system is that varying the barrier thicknes
changes only the number of pinholes without affecting th
pinhole conductance [10]. Therefore the pinholes can
considered as reproducible barrier defects with identic
transmission probabilities. From the relative height of th
current steps at the subharmonic gap structure in Fig. 1
pinhole transmission probabilityT of 0.17 is derived [11].
The supercurrent (Fraunhofer) dependence on magne
field is nearly ideal, indicating a large number of pinhole
with a homogeneous distribution over the barrier. A
measured high current density NbNyMgOyNbN junctions
exhibit similar behavior.

The noise measurement setup is schematically depic
in Fig. 2. All dc leads are filtered; 30V manganin
wires carry currents between room temperature parts a
those at cryogenic temperatures. The isolator is us
to dissipate power reflected off the amplifier into a
50 V load in order to avoid gain variations with varying
junction output impedance. A bandpass filter transmits a

FIG. 2. Schematic layout of the current-voltage and nois
measurement system. All leads going into the dewar are lo
pass filtered except for the 1.5 GHz wiring. The Al lead
suffice as heat sink.
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85 MHz band centered at 1.5 GHz. Although a spectrum
of the signal was not taken, we assume the measured no
to be white since 1.5 GHz is high enough to ignore1yf
noise of the device.

The total gain of the amplification section is measure
by mounting the high quality Nb SIS junction shown in
Fig. 1 in the measurement setup. Since the Nb junctio
exhibits single particle tunneling, the shot noise generate
by the current in the junction can be accurately calculate
from theI , V curve as shown in Fig. 3 [12]. Corrections
due to the measurement frequency of 1.5 GHz are ne
ligible for voltagesV ¿ h̄v ø 0.05 mV. The effect of
finite temperature below 0.5 mV is taken into account b
usingSI  2eI cothseVy2kBT d to calculate the noise com-
ing from the junction. Comparing this noise with the noise
power after filtering and amplification gives the total gain
as well as the noise added by the isolator, cables, and a
plifier. The output power is given by [12]

Pout  GampB

µ
1
4

SIRdyns1 2 G2dGiso 1 kBT G2

1 kBs1 2 GisodT
∂

1 Pamp (1)

in which Gamp is the amplifier gain,B is the bandwidth,
I , V , andRdyn are, respectively, the current, voltage, and
the differential resistancedVydI of the junction,G is the
reflection coefficientjRdyn 2 RampjysRdyn 1 Rampd, Giso
is the isolator gain, andPamp stands for the output noise
of the amplifier chain. From the measured and calculate
noise power curves the gain and noise of the amplifier an
isolator can be accurately determined [13] using Eq. (1
The loss of the isolator plus cables is 0.25 dB. Th
total amplification including cable losses and reflection
is 80 dB.

The shot noiseSI generated in the NbN junction is
obtained by performing a measurement ofPout, I and
dIydV as function of voltage similar to that conducted
for the Nb junction. Since the loss and gain of eac
component is known, the shot noiseSI can be derived

FIG. 3. Contributions of the Nb junction, isolator, and ampli-
fiers to the total output noise. The measured total noise pow
is accurately given by Eq. (1). The deviation above the ga
voltage may be connected to a proximity effect layer near th
tunnel barrier causing doubled shot noise.
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from the output noisePout using Eq. (1). The result is
plotted in Fig. 4 together with the Poisson shot nois
2eI calculated using the measuredI , V curve. The shot
noise is expressed as a current by dividing the measu
SI by 2e to allow easy comparison with the shot nois
calculated from theI , V curve. If the junction behaves
as an ideal shot noise source as the Nb junction do
a comparison ofSIy2e with the dc currentI will find
them identical at voltages above 0.5 mV. Clearly, belo
the gap voltage the measured noise is much larger th
Poisson noise. We explain this excess noise by taki
into account multiple Andreev reflection processes in th
pinholes. For an NS structure with a disordered region
lengthL which is much smaller than the mean free pathl
in this region, the shot noise atV ø Dye is given by [3]

PNSsTd 
8s1 2 Td
s2 2 T d2

PPoisson (2)

in which T is the transparency of the barrier between th
normal and superconducting region. ForT ø 1 PNS 
2PPoisson indicating an uncorrelated current of particle
with charge 2e due to Andreev reflection. Realizing tha
via multiple Andreev reflection much larger charge quan
can be transferred [5], the shot noise generated in pinho
by MAR is derived in the following way. The pinhole
is assumed to consist of two SN and NS structures
series. If the measured transmission probability of 0.17
inserted into Eq. (2) the shot noise suppression is a m
1% below the measurement accuracy. Therefore if t
effectively transferred chargeq is known, the shot noise
is simply found fromSI  2qI. We calculate the charge
qsV d in the limit of unity pinhole transmission probability
using the trajectory method employed in the origina
paper on MAR [6]. This enables separate calculatio
of the currentsIm carried by m Andreev reflections.
The Im values form weight factors used to calculate th
average transferred charge carried by what might be cal
Andreev clusters.

The total current flowing from the left superconducto
(at voltageV) to the right superconductor (at zero voltage
is given by the difference of [6]

ILR 
1

eR0

Z `

2`

dE f0sE 2 eV d f1 2 AsE 2 eV dg

3 f1 1 AsEd 1 AsEdAsE 1 eV d 1 · · ·g (3)
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FIG. 4. Measured and calculated shot noise generated by t
NbN junction, all normalized to current by division by2e.
The square points give the measured noise; the dashed li
is the calculated Poisson shot noise curve. The calculation
the SI curve labeled (MAR) is explained in the text. Above
the gap voltage the shot noise follows Poisson noise sinc
current transport through the barrier dominates. The erro
bars, given at specific points to avoid crowdedness of th
figure, reflect the uncertainty in the noise contributions of the
measurement equipment. Errors at intermediate voltage valu
can be roughly linearly interpolated. Offsets in current and
noise are negligible since at negative voltage bias the sam
results are obtained.

and

IRL 
1

eR0

Z `

2`

dE f0sEd f1 2 AsEdg

3 f1 1 AsE 2 eV d

1 AsE 2 eV dAsE 2 2eV d 1 . . .g , (4)

whereR0 is the total normal state resistance of the pin
holes,f0sEd is the Fermi distribution, andAsEd is the en-
ergy dependent Andreev reflection probability. The firs
term f1 2 Ag denotes the fraction of available electrons
in the superconductor which is transmitted into the nor
mal region. The last termf1 1 . . .g gives the transferred
charge multiple which is 1e if no Andreev reflections
take place, 2e for one Andreev reflection, and so on.
The currentsIm (m  1, 2, . . .) carried bym-electron pro-
cesses are calculated by splitting Eqs. (3) and (4) into th
m-electron parts. For exampleI2 is given by
e

I2sV d 
2

eR0

Z `

2`
dE hf0sE 2 eV d f1 2 AsE 2 eV dgAsEd f1 2 AsE 1 eV dg

2 f0sEd f1 2 AsEdgAsE 2 eV d f1 2 AsE 2 2eV dgj . (5)

Since the currentIm is carried only by carriers with anm-fold charge, the magnitude of this current divided by th
total current gives the relative contribution to the average transferred charge. Therefore the average chargeq of an
Andreev clusterfor a given voltageV is given by

qsV d 

P`
m1 mImsV dP`

m1 ImsV d
e . (6)
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FIG. 5. Effective charge as function of voltage. The squa
dots give the charge derived from the measurements. T
calculated charge values are used to calculate the shot n
in Fig. 4. For comparison the effective charge of the N
calibration junction is shown by circles.

The resulting charge-voltage curve is shown in Fig.
and is used to calculate the noiseSI  2qsV dI in Fig. 4.
The measured charge values in Fig. 5 are obtained
dividing the measured shot noise by2eI. The similarly
derived unity charge of the Nb junction is shown fo
comparison. The effect of finite temperatures on the sh
noise correction factor cothseVy2kBT d at voltagesV ø

2Dye is negligible since cothfqsV dVy2kBT g ø cothfs1 1
2D

eV d eV
2kBT g ø coths D

kBT d ø 1.
Apart from a superposed subharmonic gap structure

effective NbN charge is proportional to1yV . This can be
appreciated by performing the charge calculation ignori
Andreev reflection for energiesjEj . D. Higher order
terms vanish and the average charge is equal to the cha
quantum transferred;qn  ne at voltagesVn 

2D

n21 for
n  2, 3, . . . giving an analytical approximationqsVd 
e 1

2D

V .
In conclusion, for the first time shot noise much large

than Poisson noise is observed in an SIS structure.
NbN SIS tunnel junction with pinholes is employed t
obtain current transport dominated by multiple Andree
reflections (MAR). Because of the occurrence of MA
large charge quanta are transferred between the electro
causing a significantly enhanced shot noise. A simp
model is developed to calculate the effective charge fro
which the shot noise is obtained. The model answers
question about the origin of excess noise in NbN [8] an
very high current density Nb [14] SIS junctions in THz
applications.

We thank N. Whyborn for a remark initiating this
work and N. B. Dubash for sharing his data and idea
re
he

oise
b

5

by

r
ot

the

ng

rge

r
A

o
v

R
des,
le
m

the
d

s.

Helpful discussions and general assistance of S. G
den Hartog, B. J. van Wees, J. B. M. Jegers, J. R. Ga
H. Golstein, H. van de Stadt, W. Hulshoff, D. Nguyen,
and H. H. A. Schaeffer are acknowledged. This work
is supported in part by the European Space Agenc
under Contract No. 7898/88/NL/PB(SC) and the Stichtin
voor Technische Wetenschappen. Part of this work
performed at the Space Research Organisation of t
Netherlands at Groningen, The Netherlands (P. D.).

Note added.—After submission of this manuscript we
became aware of theoretical work [15] which analyze
MAR enhanced shot noise, in particular, the dependen
of SI on temperature and transmission. In our semiempir
cal theory we circumvent the problem of calculatingSI by
calculatingqsV d (ignoring coherence effects) and using
the measuredI.

[1] D. Rogovin and D. J. Scalapino, Ann. Phys. (N.Y.)68, 1,
(1974).

[2] V. A. Khlus, Sov. Phys. JETP66, 1243 (1987).
[3] M. J. M. de Jong and C. W. J. Beenakker, Phys. Rev. B49,

16 070 (1994).
[4] B. A. Muzykantskii and D. E. Khmelnitskii, Phys. Rev. B

50, 3982 (1994).
[5] D. Averin and H. T. Imam, Phys. Rev. Lett.76, 3814

(1996).
[6] T. M. Klapwijk, G. E. Blonder, and M. Tinkham, Physica

(Amsterdam)109B,C–110B,C, 1657 (1982).
[7] Y. Misaki, A. Saito, and K. Hamasaki, Jpn. J. Appl. Phys.

36, 1190 (1996); Y. Misaki, A. Saito, S. Anezaki, and
K. Hamasaki (unpublished).

[8] P. Dieleman, T. M. Klapwijk, H. van de Stadt, M.
Schicke, B. Plathner, and K. H. Gundlach, inProceedings
of the Eighth International Symposium on Space TH
Technology, 1997(Harvard University, Cambridge, MA,
1997).

[9] A. Shoji, M. Aoyagi, S. Kosaka, F. Shinoki, and
H. Hayakawa, Appl. Phys. Lett.46, 1098 (1985).

[10] A. W. Kleinsasser, R. E. Miller, W. H. Mallison, and G. B.
Arnold, Phys. Rev. Lett.72, 1738 (1994).

[11] N. van der Post, E. T. Peters, I. K. Yanson, and J. M. va
Ruitenbeek, Phys. Rev. Lett.73, 2611 (1994).

[12] N. B. Dubash, G. Pance, and M. J. Wengler, IEEE Trans
Microw. Theory Tech.42, 715 (1994).

[13] C. E. Honingh, J. J. Wezelman, M. M. T. M. Dierichs,
G. de Lange, H. H. A. Schaeffer, T. M. Klapwijk, and
M. W. M. de Graauw, J. Appl. Phys.74, 4762 (1993).

[14] G. de Lange, C. E. Honingh, J. J. Kuipers, H. H. A Schaef
fer, R. A. Panhuyzen, T. M. Klapwijk, H. van de Stadt, and
M. W. M. de Graauw, Appl. Phys. Lett.64, 3039 (1994).

[15] J. P. Hessling, Ph.D. thesis, Chalmers, 1996. See furth
e-print cond-mat/9509018.
3489


