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ABSTRACT

Improved and reproducible heterodyne mixing (noise temperatures of 950 K at 2.5 THz) has been realized
with NbN based hot-electron superconducting devices with low contact resistances. A distributed tempera-
ture numerical model of the NbN bridge, based on a local electron and a phonon temperature, has been used
to understand the physical conditions during the mixing process. We find that the mixing is predominantly
due to the exponential rise of the local resistivity as a function of electron temperature.

Keywords: Hot electrons,heterodyne mixing,terahertz

1. INTRODUCTION

In the past decade a great deal of progress has been made to achieve low noise heterodyne detection at
frequencies beyond 1.4 THz. The physics is based on ”hot electrons”, meaning electrons at an elevated
electron temperature, which translates into an observable change in resistance. In contrast to semiconductors,
in metals the resistance is only weakly dependent on temperature. However, in superconducting metals the
resistance is very strongly dependent on temperature around the critical temperature Tc. It was demonstrated
by Gershenson et al1 that the response and decay time of electrons in metals can be very fast, suggesting
the possibility of creating fast detectors based on superconducting films. Recently, we have demonstrated
that such devices can be made in a reproducible manner with excellent performance up to frequencies of 2.5
THz.2 Since this improvement in performance has been realized predominantly by changing the devices a
careful analysis of the device physics under operating conditions is needed. In this contribution we focus on
the relationship between material properties and device properties under operating conditions.

We will first review the crucial parameters which influence, in one way or another, the device properties
and their performance. After a description of the realized devices a numerical analysis is used to understand
their response under operating conditions. We end with some recommendations.

2. CRUCIAL PARAMETERS

2.1. Resistive transition

The temperature dependence of the resistance of a superconductor around its critical temperature Tc, the
so-called resistive transition, has been well studied.3 In highly resistive 2-dimensional films the behavior
is controlled by the Kosterlitz-Thouless phase transition, which leads to a broadening of the transition for
increasing intrinsic resistance of the films in the normal state.4 Upon approaching Tc vortex-antivortex
pairs start to dissociate, leading to free vortices, which under the influence of a transport current are driven
by the Lorentz force manifesting itself as resistance. The width of the transition will broaden considerably
for resistances per square of the order 10 kΩ. For resistances used for bolometers (600 Ω to 900 Ω) this is a
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Figure 1. Top view of a device (of 4 µm by 0.4 µm)
integrated in a spiral antenna. The spiral antenna is
made of Au, which overlaps with the underlying NbN
film. In practice the active NbN part of the devices can
be shorter and narrower compared to the width of the
antenna.
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Figure 2. Typical resistance as a function of tempera-
ture curves(for twin-slot antennas). Note the similarity
for two different devices. The step like structure at the
lower temperatures reflects the influence of the contacts
and the leads, which each have a slightly lower critical
temperature.

negligible effect and the resistance emerges due to the thermal creation of vortices. In addition it is possible
that the resistive transition is partially influenced by extrinsic properties such as spatial inhomogeneities of
the Tc of the film. Fig.2 shows typical resistive transitions for our devices. The sharp drop in resistance
around 9.5 K is due to the NbN film. The structure at lower temperatures is device-specific.

Used as a THz detector the superconducting film is connected to a highly conductive antenna, usually Au.
Hence, fully normal currents will be converted into supercurrents. This phenomenon leads to an additional
resistive contribution which influences the observed resistive transition. It has been emphasized by Wilms
Floet et al5 and compared with niobium bolometers. More recently an improved and detailed analysis
has been made using aluminium by Boogaard et al .6 Fig. shows the resistive transition for aluminium
wires between normal metal contacts. For different wire-lengths one finds a scaling of the resistances in the
normal state. However, all curves get the same remaining resistance at the lower temperatures. It has been
demonstrated that this is intrinsic and due to the conversion of normal currents to supercurrents, which leads
to a resistive contribution at both ends with a length of the order of the coherence length. Note also that the
Tc is also depressed for different wire-lengths. The consequence is that a superconducting wire is resistive
over a length of the coherence length even for fully clean interfaces. Obviously, this leads to a deteriorated
dR/dT compared to the intrinsic one of the superconducting film, although the influence on the detector
response is non-trivial. The consequence is that the resistivity of the superconducting film connected to
normal metal leads is position-dependent over a length of the order of the coherence length (for Al we used
124 nm; for NbN it is only 4 nm at low temperatures).

2.2. Response times

The response time of the electron gas is in principle determined by the electron-phonon interaction time. It
is assumed that electron-electron interaction is fast enough to allow a thermal distribution to be established
at an elevated temperature. The electrons relax their energy to the phonon bath and the phonons escape to
the substrate or diffuse out of the film into the leads. In early experiments it was found that the response
time of niobium leads to a maximum response time of only 100 MHz, which is the limiting bandwidth for
the intermediate frequency (IF) signal in a heterodyne experiment. Subsequently, research has been focused
on thinner films (to shorten the phonon escape time) and to materials with a stronger electron-phonon
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Figure 3. SEM picture of a device (slightly mis-
aligned), showing the coverage of the thin aluminium
film with the thick Cu layer. The inset shows a
schematic picture of an ideal device.
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Figure 4. Measured R − T curves for four different
bridge lengths. The intrinsic Tc0 is indicated by the
vertical dashed line. The inset shows the measured crit-
ical temperature of the wire vs 1/L2, which is used to
determine Tc0 by letting L → ∞.

interaction (i.e. superconducting materials with a higher Tc. Currently, NbN has become the dominant
workhorse, although other materials have been proposed.7

As an alternative to engineer the response time the concept of diffusion-cooling has been introduced by
Prober.8 Connecting the superconducting film to leads in equilibrium leads to a response time given by
τD ∼ L2/D the diffusion time for electrons over a length of the bridge L. To increase the response time
the bridge should be as short as possible and the diffusion constant as large as possible. The consequence
is that the resistive transition becomes more and more dominated by the conversion processes and becomes
less and less dependent on the intrinsic properties of the superconductor(see Section 2.1).

2.3. Lumped circuit and distributed temperature

The time-dependent response and the noise have been mostly analyzed with a so-called lumped circuit model.
The superconducting film is taken as a homogeneously heated object with a given resistive transition.9–11

In practice, as discussed above, the superconducting film is connected to normal metal leads which poses a
boundary condition for the spatially dependent heat balance equation. Such a distributed model has been
used by Araujo and White,12 Wilms Floet et al,13 and Merkel et al .14 It is assumed that the functional
relation between the resistance as a function of temperature is homogeneous throughout the active volume.
Then it is sufficient to know the position-dependent temperature T (x). Knowing T (x) together with the
temperature-dependent resistivity �(T ) the resistivity at each point in the device is known.

Since for a diffusion-cooled device the resistive transition is not a material property but the result of
the geometry and the conversion of normal current into a supercurrent even for a uniform temperature the
resistivity is a function of position. A temperature profile is therefore the result of power dissipation heating
at the edges and power dissipation in the middle, which renders the diffusion-cooled device in one, which is
difficult to model and very sensitively dependent on fabrication details. The experimentally observed poor
reproducibility and the progress in phonon-cooled devices has led recently to an emphasis on phonon-cooled
devices. Assuming that the fabrication can be controlled adequately the material determines the resistive
transition and the resistance of the active volume is directly related to the resistive transition. For such a
device �(T ) can be inferred from the measured intrinsic properties of the resistive transition and used as
input for the modeling based on a local electron temperature T (x).
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2.4. Biasing method
The hot-electron bolometers are all based on using the voltage response to a small increase in temperature.
Hence, in principle one would like to bias the device at a temperature where dR/dT is large,8 which means
at an electron temperature close to Tc. Devices are always operated at a phonon-temperature far below
Tc. The operating point close to Tc is reached by passing a large dc current through the device. This
has led Wilms Floet et al5 to an analysis of the state that arises in a superconducting bridge for a high
dc current. They modified the SBT-model15 for hot-spot formation in a superconducting microbridge by
focusing on an electronic hot spot. They subsequently proposed an alternative concept for mixing13 in which
the temperature rise modulates the length of a fully normal domain.

In practice bolometer mixers are brought to their operating point by applying sufficient LO power to
raise the temperature to close to Tc. Fig. 5 shows a typical set of current-voltage characteristics for different
LO powers for devices shown in Fig.1 together with noise temperatures at 2.5 THz. Fig.6 shows a more
detailed set for the smaller devices. The center region indicates the region of optimum sensitivity. Using
the LO to bias the device to a temperature close to the critical temperature was proposed by Karasik and
Elantiev10 and analyzed in a distributed temperature model by Araujo and White12 for diffusion-cooled
bolometers (although the principle can be applied to phonon-cooled as well16). In the current generation
of phonon-cooled devices optimum bias conditions are found for LO power about one order of magnitude
larger than the applied dc power. For example in Fig.6), optimal DC bias is for about 10 nW , whereas the
applied LO power is about an order of magnitude larger.

2.5. Device size and LO power requirements
Obviously, for diffusion-cooled devices a fast response can only be realized with very short devices. For
phonon-cooled devices the critical quantity is the needed LO power. In a lumped circuit model Karasik and
Elantiev10 derived:

PLO =
1
α

AV (Tn
c − Tn − nTn−1

c ∆Tc) (1)

with V the film volume, A and n material dependent constants ∆Tc the width of the resistive transition
and α the coupling factor of radiation to the mixer. T is the bath temperature and it is assumed that PLO is
capable of heating the electron gas to the critical temperature of the bridge. In this expression it is assumed
that the phonon temperature equals the bath temperature. The demands for a fast response has led to the
use of very thin NbN films (3.5 nm thick). A further reduction in volume is achieved by working with narrow
and short (to assure impedance matching) devices, which allows compatibility with the current generation
of solid state LO’s.17

2.6. Electron and phonon temperature
On a mesoscopic length scale it becomes increasingly more difficult to use concepts as electron temperature
and phonon temperature. Pothier et al18 have clearly shown that an electron temperature can only be defined
for samples longer than the electron-electron interaction length

√
Dτee. They find for normal metal wires

with perfect contacts to the equilibrium reservoirs that the energy distribution is given by a Fermi-function
with a local chemical potential of µ(x) = −eUx with U the voltage difference between the reservoirs, x the
coordinate along the wire and an effective temperature given by:

Teff =

√
T 2 + x(1 − x)

U2

L
. (2)

L is the Lorentz number π2kB/3e2 for a free electron gas. For shorter lengths a two-step distribution
function is found reflecting the distribution functions in the reservoirs at different voltages. For our NbN√

Dτee = 8nm and a thermal distribution is a reasonable assumption.

The limits of a description in terms of a phonon temperature is less well-established. Acoustic waveguide
modes have been invoked to interpret experiments on metallic wires by Seyler and Wybourne.19 In crystalline
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Figure 5. Current-voltage characteristics for differ-
ent LO powers and the measured heterodyne response,
expressed in noise temperatures, for devices shown in
Fig.1

Figure 6. Current-voltage characteristics for smaller
devices. The color indicates the strength of the hetero-
dyne response for various bias levels.
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Figure 7. Cross-section of a typical device. Before
depositing the Au antenna the NbN is sputter-cleaned
followed by depositing a thin layer of NbTiN (15 nm)
and Au layer. The antenna is deposited in the next
step on the clean Au surface.
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Figure 8. Normal state resistance, measured at 16 K,
of a number of devices of various bridge lengths. Evi-
dently, the contact resistances are negligible.

and amorphous dielectrics of mesoscopic sizes a description has emerged using radiative thermal transport
in solids.20 Ballistic phonons are used, analogous to the description of the Kapitza resistance in terms of
scattering of phonons at solid-solid interfaces. A Landauer-type description has been developed emerged21, 22

and used to interpret experiments on crystalline silicon.23 In a Landauer-description the mesoscopic sample
is connected to leads which act as equilibrium reservoirs emitting phonons in the wire. A quasi-equilibrium
phonon temperature is then no longer a valid concept. Nevertheless, we will use such a concept below in
order to demonstrate that the phonon heat bath can not be ignored in understanding the quantitative details
of the hot-electron bolometer mixers.

3. DEVICES

Promising results have been reported for phonon-cooled devices since the original proposal by Gershenson
et al .9 A major improvement was the introduction of thin films of NbN by Gol’tsman et al. We report on
results obtained for phonon-cooled devices based on these films for use from 1.4 THz to 2.5 THz. Films with
a sheet resistance R� of 600Ω, thickness of 3.5 nm, a resistivity � of 210µΩcm and a Tc of 9.3 tot 9.9 K,
have been incorporated in an antenna. Both wide-band (spiral) and narrow-band (twin-slot) antenna’s have
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been used. We have found2, 24 that a critical factor is the contact between the Au antenna’s and the NbN
films. Fig.7 shows a cross-section of the devices. The NbN films have been exposed to air for a prolonged
period of time before subsequent lithographic patterning is done. The surface of the NbN is cleaned with
an Ar sputter etch followed by depositing either a Au/Ti layer or a NbTiN layer followed by a Au layer.
This sputter clean procedure leads to a deterioration of the quality of the NbN, i.e. a lowering of Tc. The
introduction of a NbTiN interfacial layer is introduced to avoid a reduction of the Tc of the NbN under the
Au pads. Importantly, in contrast to results reported before the normal state resistance of the devices scales
with the geometrical dimensions of the bridge(Fig.8) and are in agreement with the expected values based on
the R� of the films. The coherence length ξ of the NbN film is about 4 nm, which implies that an intrinsic
boundary resistance (Subsection 2.1) could only contribute less than 10 % of the remaining resistance. In
previous experiments a large value for the interfacial resistance, due to the fabrication technology, had to
be assumed, which influences the device behavior and device modeling considerably. Most importantly, the
devices with the NbTiN interfacial layer showed superior device performance (Figs.5,6).

Table 1. Summary of results obtained with a twin slot antenna. The bridge width is 1µm. The critical current is
the maximum current value observed for no applied LO power. The LO frequency is the actually applied frequency
and TN is the observed noise temperature for heterodyne mixing. Two values of the LO power at optimum bias
are listed. The first is inferred from the current-voltage characteristic, called the isothermal technique, the second
is measured from the LO source. Existing discrepancies are not yet clarified, but we assume that about 100nW is
actually absorbed by the device.

Device Twin slot Length Ic(4K) LO Frequency TN PLO isothermal PLO at lens

M6T-3K 1.6 THz 0.15 µm 73 µA 1.63 THz 910 K 40 nW 220 nW

M6T-2K 1.6 THz 0.15 70 1.63 960 30 170

M6T-1K 1.6 THz 0.15 50 1.63 980 30 170

M6T-11K 1.8 THz 0.15 50 1.89 940 30 170

M6T-9L 1.8 THz 0.10 68 1.89 1030

M8T-H1 1.8 THz 0.15 90 1.89 990 70 390

M9T-C3 1.6 THz 0.20 90 1.63 930 90 500

4. PERFORMANCE

The devices with these improved contact allowed the design and fabrication for impedance matched twin
slot antenna mixers. The results are summarized in Table 1. Details are given in the paper by Baselmans et
al .25 The Table clearly shows that the devices show very comparable performance. In addition the needed
LO power is a factor of 2 to 4 less than for the larger devices(Fig.1 ) reported before.2

5. ANALYSIS

The systematic and reproducible behavior reported in Sections 3 and 4 suggests that the material and device
parameters controlling the bolometer response are well under control. It is striking that under optimum bias
conditions PLO � PDC . We have made a crude analysis of the resistive transition for increasing values of
PLO and find that it is initially a shift of an undistorted resistive transition to lower temperatures indicative
of an enhancement of the electron temperature with PLO until it reaches the critical temperature of the
material. So we assume that the bias conditions, raising the electron temperature by the LO power until
the critical temperature is reached, envisioned by Karasik and Elantiev10 apply.

We will analyze the results using a distributed temperature model, analogous to the one introduced by
Araujo and White.12 We assume a one-dimensional model. This is justified on the basis of the expected

134     Proc. of SPIE Vol. 5498

Downloaded from SPIE Digital Library on 21 May 2010 to 131.180.130.114. Terms of Use:  http://spiedl.org/terms



Figure 9. Resistive transition (dots)for a particular de-
vice compared with the Fermi function(Eq.6)(full line).
Apart form small deviations at the lower temperatures
it is assumed that this curve represents the intrinsic lo-
cal resistivity of the NbN film with Tc = 8.95K and
∆T = 0.4K.

Figure 10. Electron and phonon temperatures as a
function of position for two different values of the DC
bias voltage. The Tc, the mid-point of the resistive
transition, is equal to 8.95 K. The applied LO power
is 80nW .

current-distribution. For the given material properties of NbN the penetration-depth λ⊥ is at 4.2 K equal
to 1.2 µm and increases with increasing temperature. Hence, we may assume a uniform current-density
over the cross-section. However, in principle we should allow for variation of the order parameter over the
cross-section and the formation of vortices, in view of the small value of the coherence length compared to
the cross-section. Since we will work in practice well into the resistive transition, close to the mid-point
of the transition Tc, we assume that the formation of vortices will play a negligible role under operating
conditions.

Two coupled heat balance equations are used, one for the electron temperature Te and one for the phonon
temperature Tp. As argued in Subsection 2.6 the concept of a local electron temperature is reasonable. At
the operating point the temperature the wavelength of a thermal phonon is about 30 nm, clearly much
thinner than the thickness but still smaller than the length of 150 nm. Therefore we assume that a local
phonon temperature is a fair assumption at the temperatures used. The bridge has a length L, a width W
and a layer thickness d. The effect of the contacts is present via the boundary conditions. For the differential
equations we use:

∂

∂x
(λe

∂

∂x
Te) + p − pep = 0,

∂

∂x
(λp

∂

∂x
Tp) + pep − pps = 0, (3)

with λe and λp the heat conductivity for the electrons and phonons respectively. The functions p represent
the power absorption or generation per unit volume. We assume homogeneous power absorption from the
LO because �ω � 2∆ and a position dependent power-generation for DC. Hence, p = pRF + pDC with
pDC = J2ρ dependent on the local value of ρ. The transfer from the electron bath to the phonon bath is
indicated by pep. The transfer from phonons to the substrate is indicated by pps. Both pep and pps are
assumed to be uniform through the bridge apart from their temperature dependence26, 27:

pep = gep(Tn
e − Tn

p )
pps = gps(Tm

p − Tm
b ) (4)
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Figure 11. Various electron temperatures along the
bridge for a range of DC biases(PLO = 80 nW ). Note
that the temperature exceeds the critical temperature
of the NbN.

Figure 12. Local resistivity which develops in response
to the electron temperature profile given in Fig.11. The
two bell-shaped curves in the middle represent the con-
ditions under which mixing is most effective.

with the prefactors given by:

gep =
ce

nτepT
n−1
e

gps =
cp

mτescT
m−1
p

(5)

With n = m = 4, ce = γeTe, cp = γpT
3
p , τep = τepf

T 2
e

and τesc temperature independent, gep and gps

become independent of temperature.

We approximate the R(T ) curve, following Araujo and White12 by a Fermi-function:

ρ(T ) =
ρn

1 + e−
T−Tc
∆Tc

(6)

which represents the local resistivity for a given local electron temperature Te with ρn the resistivity in
the normal state and ∆T a device dependent parameter. It assumes that from the device all the resistance
is due to the NbN and ignores other contributions. The temperature Te is found from solving these two
coupled differential equations for the electron temperature Te and the phonon temperature Tph. Fig.9 shows
the resistive transition for a particular device and a comparison with Eq.6. Obviously, Eq.6 describes the
observed resistive transition quite well and in this case with Tc = 8.95K and ∆T − 0.4 K.

At the boundaries we assume the phonon temperature Tp to be equal to the bath temperature (set at
4.2 K, since it is close to a large pad. For the electron temperature Te the situation is more complicated. The
electronic heat flow at the boundary is constant. The electrons carrying this heat can diffuse into NbTiN
and Au layers(Fig.7, yet at the contacts there is a possible finite interface transparency Tr (in the order of
5 %.24 We assume that under the contacts the electron temperature decays exponentially, with a decay
length l. At the boundary at x = 0 we then have:

Tp(x = 0) = Tbath
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Te(x < 0) = ∆Tex/l + Tbath

d

dx
Te(x = 0) =

∆T

l
(7)

with ∆T = Te(x = 0) − Tbath. The length l is given by

l =

√
Rc

R�
(8)

with Rc the contact resistance per unit area.

Fig.10 shows a typical result of the electron and phonon temperatures for 0 mV DC bias and 1 mV .
Obviously the electron temperature is considerably higher than the phonon temperature, partly because of
the differences in boundary conditions. Note that the increased DC bias has only a minor influence on the
temperature profile (the applied LO power is 80nW ). Fig.11 shows a set of electron temperatures for a
larger range of DC bias voltages. Most importantly is the result shown in Fig.12. For 0 mV DC bias a
bell-shaped curve is obtained in the middle of the bridge. At these electron temperatures the local resistivity
inferred from Eq.6 becomes significant and rises sharply with increasing DC voltage. Hence, although the
temperature change is minor the contribution to the height of the local resistivity is considerable. Upon
further increase of voltage, outside the operating range of the mixers, the bridge becomes fully normal and
could have been called a normal hot spot.

In the numerical modeling we have used numbers which are as close as possible to the devices of which
results are shown in Fig.6 and Table 1. At the operating point the voltage is less than 1 mV and resistivity
at the center is still substantially below the normal state resistivity. Figs.13 and 14 show predictions for
the current-voltage characteristics and the resistance values for different LO powers. The overall shape is in
agreement with what is observed experimentally. Note that Fig.14 shows that for PRF of 80 nW the total
resistance of the NbN bridge is only of order 10 % of the normal state resistance. This is an important
observation which has to guide further modelling and device development. It means that the resistance
of the bridge is under operating conditions comparable to the remaining resistance of the contacts (Fig.9.
Hence, we can no longer assume that the resistivity is locally identical and our heat balance equation must
include sources of extra dissipation at the contacts. Although, a finite transparency of the contacts has been
assumed for the heat balance equation it was not yet included as an additional source of power dissipation.

6. DISCUSSION AND CONCLUSIONS

Improved bolometer devices have been realized with superior mixing performance suitable for the 1.4 tot 2.5
THz range. Most of the device parameters can be technologically controlled allowing design-optimization of
device impedance and antenna. Based on a realistic model we find that the devices work in a regime where the
resistance is due to a LO-power induced bell-shaped resistivity curve in the center of the NbN bridge(Fig.12),
which is exponentially dependent on a temperature rise. We also find that in this regime the devices, although
with a negligible contact resistance in the normal state, still suffer from remnants of the contact resistance
appearing at the temperatures of operation. Further experimental work is needed to remove the remaining
contact resistance, such as developing devices analogously to those used by Karasik et al .28 Apart from
improved performance it would enable a complete numerical analysis of the response. Clearly, understanding
this delicate interplay between heat-flow. contact resistances, temperature distribution and local resistivity
is crucial. It will also be needed to understand the absorbed LO power quantitatively, the stability and the
ultimate sensitivity.
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Figure 13. Typical current-voltage characteristics for
various values of applied LO power.

Figure 14. Resistance as a function of voltage for var-
ious values of LO power. Note the absolute value of the
resistances compared to the normal state resistance at
DC bias values below 1mV the range of practical inter-
est.
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