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Chapter 5

Performance limitations of NbN SIS
junctions

We study the behavior of NbN SIS junctions as radiation detectors with emphasis
on the shot noise generated at voltages below the gap voltage. The intrinsically
large subgap current of NbN junctions is carried by pinholes with a conduction
attributed to multiple Andreev reflection, leading to transported chargesq � e.
Using this charge enhancement mechanism we explain the junction shot noise
characteristics in the unpumped case as well as in the pumped case. The mea-
sured mixer noise temperature in the pumped case is more than twice that cal-
culated with standard Tucker theory. Measured double side band receiver noise
temperatures are 1450 K and 3300 K at 600 and 850 GHz respectively. Main
limitations to the receiver sensitivity are the loss in the aluminum circuit and the
subgap current induced shot noise.

This work has been done in close collaboration with M. Schicke, B. Plathner,
and K.H. Gundlach of the Institut de Radio Astronomie Millim´etrique (IRAM),
Grenoble, France.
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72 Chapter 5 Performance limitations of NbN SIS junctions

5.1 Introduction

Heterodyne mixers consisting of niobium Superconductor-Insulator-Superconductor
(SIS) tunnel junctions are sensitive receivers for radio astronomy in the millimeter
and submillimeter wavelength range. There is an increasing demand for these de-
vices at frequencies beyond 700 GHz, which is the frequency limit dictated by the
energy gap of Nb. Impedance matching circuits of normal metals are used with a
relatively low absorption loss[1,2]. This allows extension of the upper frequency
limit to about 1100 GHz, close to twice the gap frequency of Nb. For detection at
higher frequencies a superconductor with a larger energy gap is needed. The most
obvious candidate is NbN, with a practical energy gap of 4.8 meV corresponding
to a frequency limit of 2 THz. A major drawback of NbN junctions is that the
current technology for making high current density junctions leads to an intrinsi-
cally large subgap (leakage) current due to pinholes in the barrier. In spite of this,
recent results at low frequencies with NbN junctions and (partly) Nb striplines are
promising[3,4] as are the results presented in this paper. To identify room for im-
provement we investigate the limitations to the sensitivity of NbN SIS mixers with
emphasis on the use at THz frequencies. At these frequencies impedance match-
ing circuits made of normal metals provide lower losses than structures made of
Nb or NbN[5]. The losses in normal metals are appreciable but well understood
and unavoidable[2,5,6]. Therefore in this article we will focus on the behavior of
the NbN junction itself.
The device characteristics are described in section 5.2, in section 5.3 the current
- voltage and shot noise characteristics are presented and modeled. Section 5.4
compares our measured heterodyne mixing results with the values obtained from
the model derived in section 5.3. Section 5.5 summarizes the outcome and dis-
cusses the expected behavior at supra-THz frequencies.

5.2 Junction characteristics and measurement setup

The NbN junctions used are fabricated by sputtering on unheated 200�m thick
fused quartz substrates. The NbN films are deposited by reactive RF-magnetron
sputtering in an argon and nitrogen atmosphere. The barrier is formed by deposit-
ing MgO intermittently on a rotating substrate holder. The junction is patterned
by reactive ion etching with CF4 gas. The MgO layer is etched with a phosphoric
acid. We present measurements on two junctions, labeled A and B with resonance
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frequencies 600 and 850 GHz respectively. The junctions have areas of 0.8�m2

and normal resistancesRN of 30 
 (A) and 50
 (B) corresponding to a cur-
rent density of 15 and 9 kA/cm2. An I,V curve measured at 4.5 K is shown in
Fig. 5.1a. The subgap- to normal resistance ratio,R(3mV)=RN is 4.5 and is not im-
proved by lowering the operating temperature. The impedance matching structure
is a two junction tuning circuit[7]; two junctions separated by a piece of stripline
with length l which serves to transform the capacitive part of the impedance of
one junction into an inductive reactance which tunes out the capacitance of the
other. A second stripline section of lengthL matches the resulting real resistance
to the antenna impedance, taken to be 50
. The width of both striplines is 4�m.
The striplines and antenna consist of sputtered Al layers with a residual resistance
ratio defined asR(300K)=R(5K) of about 3. Details of a similar process are described
in [8]. The substrate is polished down to 40 – 50�m thickness and mounted in a
mixer block scaled from a 345 GHz mixer[9]. The mixer is cooled to about 4.5 K.
A contacting backshort is used as an adjustable mechanical tuning element. A
Mylar beamsplitter of 15�m thickness is used to inject the local oscillator signal
at 600 and 680 GHz, a 56�m thick beamsplitter is used at 850 GHz. The vacuum
window consists of 105�m thick Mylar and a 110�m black polyethylene sheet
at 77 K functions as IR heat filter. The junctions are connected via an integrated
low-pass RF filter and a circulator with 0.5 dB loss to the IF amplifier chain with
a noise temperature of 3 K and 80 dB gain at 1.5 GHz with 85 MHz bandwidth.

5.3 Shot noise measurements and modeling

In Fig. 5.1a the I,V curve and differential resistance are plotted. Clearly the sub-
gap current is much larger than expected from simple tunneling theory[10]. This
can be due toa) an energy gap spread over the junction area because of inhomo-
geneous materials quality ,b) barrier edge effects,c) pinhole defects in the barrier.
The first can be excluded since this leads to a gap smearing which is indeed ob-
served, but small,�Vgap< 0.5 mV. Barrier edge damage can be excluded since
large area junctions exhibit the same I,V characteristics as smaller ones where the
edge effects should be more dominant, if present. Therefore we conclude that the
current transport is through pinholes, small defects in the deposited MgO. The
observation of subgap harmonic structures in Fig. 5.1a supports this conclusion,
since these occur only in transparent channels.
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FIGURE 5.1. a. I,V and dV/dI characteristics. The dV/dI curve peaks at voltages close
to 2�=n, with n = 1; 2; 3 : : :. b. The output noise power at 1.5 GHz. The dotted curve is
calculated usingq = e, the dashed curve is calculated with the full dependence ofq on the
voltage as shown by the solid line in the inset. The dashed curve in the inset is calculated
as described in the text. Neglecting Andreev reflection above the gap energy results in the
dotted curve.
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Together with the independence of the I,V curve on temperature they hint at
the transport mechanism in these pinholes causing the excess subgap current, mul-
tiple Andreev reflection (MAR)[11,12]. An electron approaching a superconduc-
tor can either reflect normally at the interface or take an electron from the Fermi
sea to tunnel jointly into the superconductor to form a Cooper pair (Andreev re-
flection). The charge effectively transported is 2e. The missing electron (a hole)
has opposite phase and momentum and will therefore move away from the inter-
face. If the normal conductor is sandwiched between two superconductors the
hole will again have a probability for Andreev reflection at the opposite interface.
Since the energy of the Andreev reflected particle is exactly as far above the Fermi
level as the original particle was below, the back and forth movement can go on
until the electron or hole has gained enough energy to tunnel into one of the super-
conductors at an energy larger than the energy gap. With each Andreev reflection
event a Cooper pair is created or destroyed, and a charge 2e is transferred from
the normal regime to the superconductor or vice versa. The average total chargeq

transported after each tunneling event depends on the Andreev reflection probabil-
ity and therefore on the transmission of the pinhole. The maximum charge in the
limit of high pinhole transmission is calculated following KBT[11]. In this limit
an electron coming from the normal region is either Andreev reflected or tunnels
into the superconductor. The total current flowing from the left superconductor (at
voltage V) to the right superconductor (at zero voltage) is given by the difference
of[11]

ILR =
1

eR0

Z
1

�1

dE(f0(E � eV )[1�A(E � eV )] �

[1 +A(E) +A(E)A(E + eV ) + � � �]) (5.1)

and

IRL =
1

eR0

Z
1

�1

dE(f0(E)[1�A(E)] �

[1 +A(E � eV ) +A(E � eV )A(E � 2eV ) + � � �]) (5.2)

wheref0(E) is the Fermi distribution,A(E) is the Andreev reflection probability.
The first term[1� A] denotes the fraction of available electrons in the supercon-
ductor which is transmitted into the normal region. The last term[1 + � � �] gives
the proper charge transferred, 1 if no Andreev reflections take place, 2 for one
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Andreev reflection, and so on. At every voltage the currentsIn (n = 1; 2; : : :)
carried byn-electron processes are calculated by splitting up Eqs. 5.1 and 5.2 into
then-electron parts. For exampleI2 is given by

I2 =
2

eRN

Z
1

�1

dE( f0(E � eV )[1�A(E � eV )]A(E)[1�A(E + eV )]�

f0(E)[1�A(E)]A(E � eV )[1�A(E � 2eV )]) (5.3)

The factor 2 comes in because 2e is taken across the normal region. The sum of
the properly weighted currentsnIn divided by the total current gives the average
charge multipleq=e carried. The resulting charge-voltage curve is shown in the
inset of Fig. 5.1b. The charge is calculated over a small voltage range since the
calculation becomes increasingly time consuming at lower voltages. For this rea-
son a much simpler approach is tried to estimate the average charge. The charge
is calculated by taking unity Andreev reflection probability for electrons arriving
at energies below the gap energy and zero probability for electrons with higher
energies, thereby neglecting higher order terms. The resulting average charge is
then simplym � e at voltages Vgap/(m+ 1), lower than the values obtained using
the full energy dependence of the Andreev reflection probability. Since in our case
a pinhole is considered to have a short length, the total time of an Andreev reflec-
tion sequence is short. With this assumption the charge is considered to tunnel
simultaneously. Therefore the calculated charge can be used in the standard low-
frequency shot noise equation[13] :

Pshot =
1

4
(2qIB coth

qV

2kBT
Rdyn) (5.4)

This equation yields good correspondence between the current-voltage and shot
noise characteristics of Nb devices[14]. Fig. 5.1b shows the shot noise measured
with the IF chain described in section 2 together with the curve calculated using
Eq. 5.4. The best fit was obtained using the solid curve in the inset of Fig. 5.1b,
which is the charge calculated neglecting Andreev reflection above the gap (the
dotted curve in the inset), multiplied by a factor 1.1. This input charge is lower
than the charge calculated following [11] indicating that the pinhole transmission
is lower than 1 since this would result in a lower Andreev reflection probability as
used in the approximation.

Clearly the IF output curve calculated using the effective charge concept fol-
lows the measured result very well.Hence the shot noise of a high current density
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NbN junction is intrinsically more than doubled!By high current density we mean
10 kA/cm2 or more, resulting in aR(3mV)=RN of 10 or smaller with state of the art
technology[15,16]. Similar shot noise behavior in NbN junctions was previously
observed but not understood[17]. Our results confirm a theoretical prediction that
a single normal metal / superconductor structure can produce a shot noise up to
twice that of a structure consisting of two normal metals due to the 2e charge
transfer via Andreev reflection[18].

5.4 Receiver noise measurements

To investigate the effect of the shot noise behavior of the junction on the mixing
properties heterodyne measurements are performed at 600 and 850 GHz using
standard hot/cold loads. For each frequency the bias voltage, backshort position
and local oscillator power is adjusted to give optimum performance. Fig. 5.2b
shows the IF output power at 600 GHz versus bias voltage for input powers corre-
sponding to 77 K and 293 K. Y-factors and corrected receiver noise temperatures
are listed in Table 5.1. Measured loss values of optical components are listed in
Table 5.2. The stripline loss is derived from the measured receiver gain. The cal-
culated stripline loss is close to the measured value, if the aluminum conductivity
derived from the series resistance value is taken into account instead of the inde-
pendently measured Al conductivity. This lowers the residual resistance ratio to
about 3. From wideband FTS measurements it was concluded that the resonance
frequency is lower than anticipated. This may indicate a specific capacitance that
is larger than the 135 fF/�m2 which we expect for the current densities found[16].
The effective coupling is also not optimal since the design assumed 18
 junctions
with sizes of 1�m2.

TABLE 5.1. Measured receiver noise and gain values

Frequency Y- factor TREC

Junction (GHz) (dB) (K)
A 600 0.55 1450
A 680 0.45 1700
B 850 0.15 3300
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FIGURE 5.2. a. Pumped and unpumped I,V curves. The pump frequency is 600 GHz.b.
Measured and calculated IF output power for hot and cold loads. The double peak in the
measured IF curve at 1.2 mV is due to incomplete suppression of the ac Josephson effect by
a magnetic field, possibly because the junctions had unequal areas. Higher order Shapiro
steps at multiples ofhf=2e =1.24 mV are reasonably well suppressed.
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TABLE 5.2. Loss in dB of RF components

Junction Beamsplitter Window Heat Filter Lens Stripline
A (600 GHz) 0.32 0.81 0.81 0.22 7.5
B (850 GHz) 2.9 0.13 0.18 0.22 12

The consequence for the mixer noise temperature is that the same voltage
dependentq value has to be applied in the calculation of the current correlation
matrixHij of the Tucker theory[19]. The resulting mixer noise temperatures are
listed in Table 5.3. Since the effective chargeq at the optimum bias voltage is
about 2.5, the mixer noise temperatures are increased by approximately the same
value. The calculated IF output powers are compared with the measured values
in Fig. 5.2b. In the voltage region of the first photon step, the measured and
calculated values agree reasonably well, indicating the validity of the method.

TABLE 5.3. Measured and calculated mixer noiseTM and lossLM . The mixer noise
values in columncalc is calculated usingq = e, the values labeledcorr are calculated
using the full expression forq.

TM (K) LM (dB)
Junction meas calc corr meas calc

A (600 GHz) 243 80 198 9.1 9.1
B (850 GHz) 204 77 168 8.1 7.8

5.5 Conclusions

Sensitive THz radiation detection requires small area, high current density SIS
junctions. However, the current NbN/MgO/NbN technology is not matured suf-
ficiently to obtain thin pinhole-free tunnel barriers. Whether it will be possible
to further improve the technology to produce MgO barriers with less defects re-
mains to be seen. The presence of pinholes results in a large subgap current with
intrinsically large shot noise power due to multiple Andreev reflection. Because
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of this effect it is unlikely that NbN SIS junctions will outperform Nb junctions
below 1100 GHz. To illustrate this: The only difference between NbN junctions
and Nb junctions is that the latter operates above its gap frequency. If we now
compare the mixer noise temperature of Nb at 820 GHz (51 K)[6] with NbN at
850 GHz (204 K) it is clear that Nb even above the gap frequency functions much
better than a state of the art NbN junction. Further measurements of NbN devices
above 1100 GHz need to be performed to examine the feasibility of SIS detection
at these frequencies.
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