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PREFACE

The Thirteenth International Symposium on Space Terahertz Technology was held on the
campus of Harvard University, Cambridge, Massachusetts, on March 26 — 28, 2002. The
Symposium was attended by about 130 scientists and engineers, from all over the world.
The Symposium was organized into 10 oral sessions and an interactive forum for poster
presentation. In all, 70 papers, distributed into the following broad categories, were
presented:

Hot Electron Bolometers 16
SIS Mixers 14
Local Oscillator Technology 14
Optics 9

Equipment and Components
Sub-millimeter Systems
Direct Detectors

W N &N

Included in these proceedings are 64 of the papers presented at the symposium and the 6
missing papers are represented by the accepted abstracts. Finally, we have also included
one paper from the Twelfth Symposium, on request from last year’s editor.

The Symposium was made possible largely through the effort of the staff members of the
Submillimeter Receiver Laboratory of the Harvard-Smithsonian Center for Astrophysics
(CfA). We thank Joanne Reynolds who was key in all organizational aspects of the
symposium, and in preparing and editing the proceedings. We also thank Professor Irwin
Shapiro, Director of the CfA, for supporting the symposium, and Dr. Venkatesh
Narayanamurti, Dean of Engineering and Applied Sciences, for his support through the
use of the Robert and Naida Lessin Forum. Finally, we would like to thank the session
chairs, presenters, and participants for making this Thirteenth International Symposium
on Space Terahertz Technology, a success.

Edward Tong
Raymond Blundell

Front cover: Photograph of the Terahertz telescope to be deployed in Northern Chile by the Submillimeter
Receiver Lab of CfA in September 2002. Also shown is a spectral line of CO (J = 9-8) at 1.037 THz
recorded by our HEB receiver operating at the Sub-Millimeter Telescope, in Arizona, January 2000.
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Fixed-tuned waveguide 0.6 THz SIS Mixer
with Wide band IF

A. Baryshev 1, E. Lauria 2, R. Hesper 1, T. Zijlstra 3 , W. Wild !

' SRON-Groningen, Groningen, NOVA, University of Groningen, the Netherlands
? National Radio Astronomy Observatory, Charlottesville, VA 22903
3 Department of Applied Physics (DIMES), Delft University of Technology

ABSTRACT

The Atacama Large Millimeter Array (ALMA) requires low noise SIS receivers for
frequencies from about 80 GHz to 950 GHz with a very large IF bandwidth (8§ GHz SSB
upper or lower sideband, 8 GHz DSB or 4 GHz dual sideband, upper and lower
sideband). Since there will be a large number of antennas in the array (currently 64),
additional requirements such as high reliability, low cost, and the production of a
relatively large number of mixers have to be addressed.

In this paper we report the results of a waveguide mixer with a fixed backshort for
ALMA band 9 (602 — 720 GHz). The mixer is based on standard Nb/AlO,/Nb SIS
junction technology. This mixer was tested with a wide band IF amplifier with and
without isolator. Mixer measurement results for different LO frequencies across a wide
IF band (4-8 GHz) will be presented. DSB Receiver noise across the both RF and IF band
was measured, and receiver noise as low as 136 K at 650 GHz was demonstrated over the
wideband IF. Finally, the possibility of a small production series of such a mixer is
discussed with results on a first batch of mixer-blocks will be presented.

INTRODUCTION

The Atacama Large Millimeter Array (ALMA) requires low-noise SIS receivers for
frequencies from about 80 GHz to 950 GHz with very large IF bandwidth (4-12 GHz).
ALMA will be built in the Atacama Desert (Chili) at the altitude of more than 5 km. The
atmospheric conditions for mm-wave astronomical observations at this site are among the
best in the world. The array will consist of at least 64 antennas, each with a diameter of
12 m.

The Alma frequency band is divided into ten subbands. These bands coincide with
regions where the atmosphere is relatively transparent and astronomical observations are
possible. The receivers for the different subbands will be mounted in a common cryostat
supporting three temperature levels: 4.3 K, ~10 K and 80 K. Each subband receiver is
contained in an independent “cartridge” that can be mounted in the receiver cryostat
without disturbing other subbands. This cartridge contains a complete receiver system
including SIS mixers, LO subsystem, IF amplifiers and all necessary optical components.

The remoteness of the site and the large number of receivers impose additional
requirements on the receiver design such as absence of moving parts, an as simple as
possible layout, low cost, and the possibility of series production.

In this paper we report mixer designs based on standard Nb/AlOy/Nb SIS junction
technology in a waveguide mixer block for ALMA band 9 (602 — 720 GHz). The mixer
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does not contain moving parts e.g., a backshort. We present results on the extension of
the IF bandwidth from 1.1-1.7 GHz to 4-8 GHz and 4-12 GHz by using an NRAO wide-
band IF amplifier and PamTech 4-8 GHz and 4-12 GHz isolators. We will also present
our approach to small series production of such a mixer.

MECHANICAL DESIGN OF THE MIXER

Fig. 1 shows the design of an ALMA band 9 single-ended double sideband (DSB)
waveguide mixer. Similar designs have already been implemented in other mixers [1].
The design goal was best possible performance combined with simplicity and series
fabrication possibility. The mixer consists of several parts:

a horn (1),

a centering ring (2) aligning the horn with the backpiece,

a mixer backpiece (3) which holds the SIS tunnel junction and the IF connector,
a threaded cap to hold horn and backpiece together (4),

a magnet consisting of a coil (not shown) and two pole shoes (5),

a mounting structure (not shown).

The parts of the mixer which are most critical to the performance are the horn, the
backpiece and the substrate with the junction and the tuning structures. The diagonal
horn is used for experimental mixers, but the design easily allows it to be replaced with
an appropriate corrugated feedhorn. The main idea in the design is to machine all critical
surfaces to such an accuracy that mutual alignment between the different parts of the
mixer occurs automatically upon assembly. This design also achieves a good coupling of
the magnetic field flux from the coil to the junction, which is critical for Josephson noise
suppression at these frequencies. The distance between pole pieces is only 1 mm with the
junction at the center. The DC/IF connection is made by means of a standard miniature
SMP-type connector. This is one of the smallest connectors available, allowing us to
decrease the transmission line length between the junction and any other IF components,
facilitating amplifier-mixer integration. The mechanical design does not incorporate an
external bias-tee. However, in certain configurations, a standard Radiall bias-tee was
used.

5
U
BN gk
[
5
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For the magnet we use a coil of about 6000 turns of 63.5 micron diameter Cu-cladded Nb
wire. For the core of the magnet and the pole pieces we use VacoFlux 50, which has a
maximum permeability of 9000 and a saturation polarization of 2.35 T.

The waveguide has a cross-section of 100 x 400 um. The cross-section of the substrate
channel in the backpiece is 70 x 100 um and the backshort cavity is about 200 um deep.
The backshort cavity is produced by stamping it in the copper block.

The substrate is 2.1 mm long, 50 um thick and 70 um wide and it contains a Nb-based
SIS tunnel junction. It is glued in the channel and contacted with silver paint.

MIXER CHIP LAYOUT

A photograph of a mixer chip glued into the substrate channel is shown in fig. 2. The
substrate material is fused quartz. Standard Nb technology was used for making the thin
film layer structure. Optical lithography was used in all definition steps including the
patterning of the 1 um® SIS junction. The RF design of the coupling between the
waveguide TEM mode and the SIS junction is similar to the one used earlier, for instance
in [2] and [3]. The energy is coupled to a bow-tie waveguide probe and transferred via a
Chebyshev type two-stage impedance transformer to the junction-tuner combination. This
transformer is formed by two microstriplines connected in series. The bottom electrode of
this microstripline is formed by the bottom part of the bow-tie probe. The junction is
located at the end of the tuner section of the microstripline. A choke structure is used to
prevent RF signals from leaking into the IF/DC bias leads. A low impedance A/4 line is
used to provide a virtual short circuit between the waveguide probe and the waveguide
wall at RF.

The junction’s R,A value is about 35 Q].Lm2 and its normal resistance R,, about 34 Q. The
thickness of the Nb is about 200 nm for the bottom layer and about 600 nm for the top
layer. The thickness of the SiO; insulator is about 250 nm.

Figure 2: Photograph of a mixer chip glued into a back piece, looking straight into the
backshort cavity.
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WIDE-BAND IF AMPLIFIER AND ISOLATORS

Throughout the experiment, a wide band 4-12 GHz IF amplifier provided by the NRAO
Central Development Laboratory (CDL) was used. This amplifier is identical to the
design used in experiments done at the CDL, where a single-ended SIS mixer was
directly connected to its IF amplifier [4]. The gain of the amplifier is about +34 dB, and
its equivalent noise temperature (at a physical temperature of 12 K) is about 4-7 K across
the IF band. The total DC power dissipation is about 8mW. This is important to prevent
heating of the mixer junction, and to reduce the heat load on the 4 K stage. A mixer bias-
tee is incorporated into the amplifier which facilitates integration with the SIS mixer. The
amplifier was designed to be unconditionally stable, since the mixer’s IF impedance seen
on the input of the amplifier can vary greatly from a low impedance to a high (and even
negative) impedance, depending on the LO frequency. The input return loss of the
amplifier is better than 10 dB from 5 to 10.5 GHz. This is important to assure a nominal
value for the mixer gain and input RF return loss to the mixer.

Two types of isolators were used for experiments: a commercially available 4-8 GHz
isolator from Passive Microwave Technologies (PamTech) [5] and the development
model of a cryogenic 4-12 GHz isolator also being developed at PamTech. The
photograph of both isolators is presented in fig. 3. Despite its increased dimensions, the
4-12 GHz isolator may present sufficient advantages to be used in ALMA receiver
cartridges because it allows mixer and amplifier to be disconnected, and provides a clear
50 Q interface between them. The mass of 4-12 GHz isolator is about 120 grams.
Preliminary cryogenic measurements of this isolator at a temperature of 4 K show its
insertion loss to be below 1 dB across the 5-13 GHz band.

.
.

L

Figure 3: Photograph of a commercially available 4-8 GHz PamTech isolator (left) and
the 4-12 GHz development prototype (right).

EXPERIMENTAL SETUP

We used a standard Y-factor measurement technique to determine receiver noise
temperature. The mixer was mounted inside the vacuum space of a liquid helium cryostat
at 4.2 K. A high-density polyethylene lens was used to refocus the wide angle beam from
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the diagonal horn onto an external hot/cold load. The Mylar film of 125 um thickness
was used as vacuum window. A GoreTex sheet (expanded Teflon) of 3 mm thickness at
liquid nitrogen temperature was used as an infrared radiation filter. A Mylar sheet of 12-
15 um thickness was used for local oscillator (LO) injection. A Gunn oscillator followed
by a diode doubler and a diode tripler was used as an LO. Black body absorbers at 300K
and 77 K were used for receiver calibration. All presented noise temperatures are
uncorrected for beamsplitter loss, and a Callen/Welton formula [6] was used to obtain
black body radiation temperatures.

Several mixer-amplifier configurations are shown in fig. 4. A comparison between these
options was made, keeping other components of the receiver the same.

4-8 or 1-2 GHz
Mixer Q > Mixer Q
Bias Tee

Circulator Amplifier

Mixer Q

1
e Circulator
Amplifier Amplifier

Figure 4: Measurement schemes.

The “classical” option was used to test the mixer with a conventional L-band amplifier
(1.1-1.7 GHz). A Radiall bias-tee was used between mixer and circulator.

In the “wide band” and “very wide band” options a isolator was used between mixer and
amplifier. It was possible to use the bias-tee integrated in the amplifier because both
isolators allow biasing the SIS mixer through them.

Since the amplifier design allows it to be used with any input impedance without
oscillations, a “direct” option was also tried as an intermediate step to integration of an
SIS mixer and an IF amplifier. In directly connecting the mixer to the amplifier, it is
important to point out that no optimization was done between the mixer and amplifier.
An approximate 2 cm length of semi-rigid coax cable was connected between the mixer
and IF amplifier. This experiment was done to “just see what happens”, and by no means
should not be taken as a final comparison between direct integration and using an isolator
between the mixer and amplifier.

MEASUREMENT RESULTS AND DISCUSSION
A typical I-V curve and output IF power bias dependences are shown in fig. 5 (left). The

measurements were done by using a 6-8 GHz band-pass filter in the warm IF amplifier
chain, consisting of two room temperature IF amplifiers of 30 dB gain each. The curves



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

in fig. 5 show that the Josephson noise can be suppressed and that no artifacts are
introduced by the large IF bandwidth. The receiver noise temperature measured for
different IF amplifier connection options is presented in fig. 5 (right). One can see that all
of them have a comparable noise temperature. The increase in noise temperature for
options with high IF frequency compared to the L-band case is due to the fact that at
these LO frequencies the upper sideband already hits the upper edge of the receiver band.
The IF output power and noise temperature vs. IF frequency for different options is
shown in figs. 6 to 8. The power curves were all taken at the same optimum bias point
while changing the receiver input from 300 K to 77 K. The IF output power ripple for
the “wide band” option (fig. 6) is less than 2 dB per 2 GHz, which is within the ALMA
specification. The noise temperature variation across the IF band is also sufficiently
small.

Similar receiver quality can be seen in the “very wide band” case (fig. 7). The dip in
output power at around 7 GHz can probably be attributed to one of the SMA connectors
used in the 4-12 GHz circulator. The decline in the noise temperature at the higher end of
the band (frequency more than 11 GHz) is due to parasitic capacitance of the mixer
tuning structures and parasitic inductance due to long choke-structures used in this
particular mixer design.
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Figure 5: Typical I-V curves and IF output power (left) and summary of receiver noise
temperatures for different mixer-amplifier coupling options (right).
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Figure 8: Receiver response without isolator (“direct” connection via 2 cm semi-rigid
cable)

We expect that mixer performance can be improved at higher IF frequencies by minor
design modifications. The lower boundary of the IF band is shifted upwards because of
the shift in the 4-12 GHz circulator operation band.

The results for the “direct connection” case are shown in fig 8. An IF output power ripple
of 8 dB was observed. A noise temperature ripple of the order of 25% is also visible. No
parasitic oscillations were observed in the IF amplifier during the measurements. This
option requires further optimisation of the mixer and amplifier designs to reduce the
amplitude of these ripples.

SMALL SERIES PRODUCTION

One of the goals of the current mixer design is the feasibility of series production. To
investigate this a collaboration was set up with a company specialized in fine-mechanical
machining, Witec B.V. (Ter Apel, Holland), to fabricate the mixer backpiece (the most
difficult part) on their CNC milling machines with as little human intervention as
possible. Several test runs were conducted, transferring the SRON expertise of manual
production to the computer-controlled method in an iterative way. Because self-
alignment of the different parts of the mixer structure is a central requirement of the
design, special attention was paid to the accurate positioning of the backshort cavity with
respect to the reference circle, as well as to the depth of the stamped cavity, which plays a
large role in tuning the receiver.
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After a few iterations, during which the tooling was perfected, all important alignments
had converged to within about 10 um, which should be enough to provide good mixer
performance, while the machining time had dropped to less than one hour per backpiece.
The latter should be contrasted to the time it took a skilled technician to produce a
backpiece by manual means, which was of the order of a week.

One of the CNC-produced backpieces was tested together with a diagonal horn, and its
performance turned out to be very comparable to the classical hand-made backpieces.

Figure 9: The small series of backpieces and photograhs demonstrating the cavity
quality. The middle and the right photographs at the bottom series are focused on the top
and bottom of the cavity, respectively.

CONCLUSION

A compact and efficient waveguide mixer design for ALMA band 9 was demonstrated.
Four different IF amplifier connection schemes were evaluated experimentally. Wide
band (4.5-11 GHz) IF operation was achieved with the development model of a 4-12
GHz isolator, giving a sufficiently good performance to be used in low noise receiver
systems. Series production of this mixer design with sufficiently tight tolerances has been
demonstrated.
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Saturation by Noise and CW Signals in SIS Mixers

A.R. Kerr
National Radio Astronomy Observatory'
Charlottesville, VA 22903, USA

ABSTRACT

In ALMA Memo 321, Plambeck points out that saturation (gain compression) is likely to be a
significant factor limiting the calibration accuracy of ALMA observations. In this paper, saturation
by broadband noise and CW signals is analyzed for representative SIS receivers operating at different
frequencies. Many SIS mixers in current use are expected to exhibit a significant degree of gain
compression when connected to a room-temperature source. Previous analyses of saturation in SIS
mixers have applied only to CW signals. To analyze saturation by noise, the statistics of the output
voltage are derived from those of the input signal. A single constant, applicable to all SIS mixers, is
determined experimentally by fitting the predicted CW gain compression curve to measured data.

Keywords: Superconductor-Insulator-Superconductor mixers, saturation, gain compression, dynamic
range.

1. INTRODUCTION

Saturation (gain compression) can be a serious problem in SIS mixers not designed with
appropriate input power levels in mind. Plambeck points out [1] that gain compression is likely to be
a significant factor limiting the calibration accuracy of ALMA observations. SIS receivers have been
reported with substantial gain compression at source temperatures as low as 50 K (1.4 dB compression
[2]) and 300 K (1.7 dB compression [1]), while others have been capable of observing the sun (~6000
K) with only 0.6 dB gain compression [3]. Previous analyses of saturation in SIS mixers have
considered only saturation by CW (sinusoidal) input signals. For amplifiers, it is well known that a
given degree of saturation occurs at a lower input power level with noise than with a CW signal, and
similar behavior is expected in SIS mixers. This memo describes a method for analyzing saturation
by noise or CW signals in SIS mixers, and gives generalized saturation curves and representative
results for mixers at several frequencies.

The established phenomenological theory of saturation by CW signals in SIS mixers is reviewed
in Section 2, and shown to agree quite well with experimental data, even at gain compression levels
as high as 3 dB.

When saturation is caused by broadband noise, a different approach is required, as described in
Section 3, which allows the statistics of the output noise to be deduced from those of the input noise.
The conclusion, not surprisingly, is that small and moderate degrees of gain compression are produced
by noise powers several dB lower than the CW power required to produce the same gain compression.
Many SIS mixers in current use are expected to exhibit a significant degree of gain compression when
connected to a room-temperature source. It is noted that the linearity of a partly saturated SIS receiver
to a small CW test signal can lead to the erroneous conclusion that the SIS mixer is not saturated by
room-temperature input noise.

'The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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2. ANALYSIS OF SATURATION BY A CW SIGNAL

For an SIS mixer with a well developed quantum response, the small signal power gain is a
function of the bias voltage; this is evident in Fig. 1. Smith and Richards [4] argued that the large
signal power gain could be considered as an average value of the small signal gain over an IF cycle.
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Fig. 1. |-V characteristics and output power vs. bias voltage curves for a 270 GHz SIS receiver. From [5].
The small signal power gain can be expanded as a Taylor series about the bias voltage V, [6]:
G =G(Vy)+(v=V,)>G' (V) /2. (1)
If a CW input signal produces an output voltage v =V, + V. sin(w,s?), the time-averaged gain is then

G=Gy+V35Gyl4. 2)

2
The IF power delivered to load R; is Py = % = P,,G , from which it follows that [7]
L

-1
P.
G= GO(1+ s’gJ , (3)

sat

where P, =—2/GyR,. Because the degree of saturation of an SIS mixer depends only on the

magnitude of the IF output voltage relative to the width of a photon step, i.e., (G R, P,,)” relative to
Nhf/e, where N is the number of junctions in series and fis the LO frequency, P,,, can be written in the
form

sat sat
e

2 2 2 p2
Pu = k(L) o - @
GORL GORL

where K_,? and C,,, are constant for all SIS mixers. K has been evaluated in [6] from experimental
data which gives K> = 0.10, corresponding to C,,, = 1.7e-30.

sat sat
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Figs. 2 and 3 show the results of saturation measurements on two SIS mixers using CW signals [7].

The saturation curve according to eq. (3) (the solid line) is seen to fit the measured data well. The
value of P, is chosen to give the best fit to the data.

0327,
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Fig. 2. Measured CW saturation for a 2-junction Pb/Ox/Nb SIS mixer at 115 GHz, from [7]. The solid
curve is from eq. (3) with the value of P, chosen to give the best fit to the measured data.
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Fig. 3. Measured CW saturation for a 4-junction Nb/AI-AlOx/Nb SIS mixer at 115 GHz, from [7]. The
solid curve is from eq. (3) with the value of P_,, chosen to give the best fit to the measured data.
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Table I shows the values of C,,, obtained from measurements of the CW saturation power of four
different SIS receivers. It is clear that the values of C,, are reasonably close to the value 1.7¢-30
above. Table II shows, for the same four SIS receivers, the CW signal power required to produce a

gain compression of 1 dB and 1%.

Table | — C_,; evaluated for four SIS mixers

LOGHz | Type | N R, | LssgdB | R, |[PgnW Ceat
Pan et al. [8] 115 Pb-Nb | 2 60 4.9 50 6.2 1.90E-30
Feldman et al. [7] 115 Pb-Nb | 2 60 5.0 50 5.5 1.64E-30
Feldman et al. [7] 115 Nb 4 60 5.0 50 24 1.79E-30
Tong et al. [5] 270 Nb 1 18 3.0 50 6.4 2.20E-30
Table Il — CW saturation powers for the mixers in Table |
LOGHz | N | LgggdB | R, | Pygg "W | Py nW

Pan et al. [8] 115 2 49 50 1.6 0.062

Feldman et al. [7] 115 2 5 50 1.4 0.055

Feldman et al. [7] 115 4 5 50 6.2 0.240

Tong et al. [5] 270 1 3 50 1.7 0.064

3. ANALYSIS OF SATURATION BY BROADBAND NOISE

The previous section considered saturation caused by a sinusoidal RF input signal. When the RF
input is noise, different saturation characteristics are expected. Because of the statistical nature of
noise, the instantaneous amplitude of the signal at times exceeds the peak value of a CW signal having
the same power, so gain compression begins at a lower power level than with a CW signal. To analyze
gain compression by noise, it is convenient to consider the voltage gain of an SIS mixer rather than the
power gain which was the focus in the previous section. If the probability density function ofthe input
noise voltage is known, and also the nonlinear voltage characteristic of the gain compression
mechanism, a new probability density function can be computed which characterizes the compressed
output signal. In this section, this approach is applied to saturation by noise and CW signals — the
latter case giving results in close agreement with those in the previous section.

14
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The SIS mixer is characterized in Fig. 4 as a non-saturating mixer in series with a saturating IF
element. The non-saturating mixer has gain and impedance characteristics, at all input power levels,
identical to those of the actual mixer when operated under small signal conditions. The saturating
element has an input impedance equal to the IF load impedance, R;, an output impedance equal to that
of the mixer, Z,, and unity small-signal voltage gain when connected to the IF load. Hence, under
small-signal and moderately large-signal operation, the circuit of Fig. 4 is indistinguishable from the
real mixer.

Non-saturating

Mi Saturating
IXer IF Element
Gain GD f f
sig IF Vv Vout v IF
in out
>< > ‘ Vin
-] [ - R,
Zm RL Zm -

Fig. 4. Representation of the SIS mixer as a non-saturating mixer in series with a saturating IF element. The non-
saturating mixer has gain and impedance characteristics identical to those of the actual mixer when operated under
small signal conditions. The saturating IF element has unity small signal gain, an inputimpedance equal to the IF load
impedance, R,, and an output impedance equal to that of the mixer, Z,,,.

The saturating element in Fig. 4 is characterized by its nonlinear voltage characteristic v,,,(¢) =
J(v,(t), measured with the mixer and IF load in place. Note that v,, and v,,, are the instantaneous
values, not amplitudes, of the IF voltages at the input and output of the saturating IF element, as
indicated in Fig. 4. When the mixer is biased near the middle of a photon step at the small-signal gain
maximum, v,,, is approximated by an odd function of v,,, and the differential gain of the saturating
element is an even function of v,, which can be
written, to first order, as’

Ao 1 . (5)

dav,, 1+ A32v1_2n

Since the degree of saturation of an SIS mixer depends only on the magnitude of the IF output voltage
relative to the width NAf/e of a photon step, it is convenient to use normalized input and output
voltages:

e e
Vin and Vout = N—hfv"”’ . (6)

Vin
Nhf

2 Other even functions could be chosen to approximate A(v,,), for example, the truncated Taylor
expansion (1 + Bv*), which would give a good approximation to saturation in the real mixer for small values of
v. It was found that the form of eq. (5), 1/(1 + Bv*), gave good agreement with measured data even at levels of
gain compression as high as 3 dB.

15



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

Then, in (5),
av

out  __

1
av, 1+cpt’

where C; is a constant, independent of N and f, for all SIS mixers. The instantaneous (large signal)
normalized output voltage is then

A(I/m) — cjivout —

in

Q)

V. (&)= J‘V"L = Larctan(C3V (t)) ®
out o 1+ CgVW%(t) C3 in s

and the instantaneous large-signal voltage gain is

A ( f)= Vout _ Vout _ arCtan(C3I/in(t)) . (9)
s Vin Vin C3Vin (t )

When saturation is caused by broadband noise, eq. (9) allows the probability density function of
the output noise to be computed from that of the input noise. The probability density of a Gaussian
noise signal of mean square voltage ¢ is given by

1 v?
= — . 10
p(v) e eXp[ 202J (10)

For the circuit of Fig. 4, if ¢,, is the RMS voltage at the input of the nonlinear element whose input
impedance is R;, then the power delivered to the nonlinear element P, = G,P,,, = g, ?/R,. The output
power delivered to the IF load R, is

1 ©
Pout = GPsig = R_ J vgutp(vin)dvin ’ (11)
L
where v,,(v,,) is given by eq. (9). Therefore,
G I >,
Go - o LO Vour PWVin )AViy - (12)

Normalizing voltages to NAf/e as in eq. (6), and defining the normalized RMS voltage at the input of

the saturating element as S;, = Lam , €gs. (8), (10) and (12) give

Nif
G _ ;23 Jw arctanz(csV ) eXP[— Viﬁz] avi, . (13)
GO 27[ C3 Sm —© " 2Sll’l "

2 2
Since §2 = (ij ol = (ij G,P,
" Nnf) " Nhf e
Gy, R, £, and N. If the input noise is from a broadband source with noise temperature 7, at the input
of the receiver, then P, = 2kT,, B, the factor 2 accounting for the noise received in both upper and
lower sidebands of the receiver. Determination of the constant C; is described in the next section, and
the appropriate value of the effective IF bandwidth B, is discussed in Section 4.

R; , €q. (13) allows G/G, to be computed as a function of P,

ig>
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Determination of C,

To determine the constant C;, saturation by a CW signal was analyzed using (9), and C; adjusted
to fit the experimental results given in the previous section.

A CW RF input signal of power P, delivers power P,

m

= GO Psig
saturating element in Fig. 4. If the voltage at the input of the saturating IF element is

v, (t) = asin(wpt) , then

to the input resistance R, of the

IJin = GOIJSig

= a’/2R; . (14)
The instantaneous output power delivered to the IF load is P, (f) = v2,(¢)/ R, , which has an
average value over the IF period
I 1 (e,
Pau = G Rog = = | Va0 (15)
From egs. (14) and (15):
G 21 (r,

G_0= a—za v ()dt. (16)

Using normalized voltages, as in eq. (6), eq. (8) gives

i 2 1 ITIF
Gy A’C; T

A arctanz(C3A sin(a) IFt))dt , (17)

where A = Nihfa is the normalized amplitude of v,,. Eq. (17) describes saturation by a CW signal

2
in any SIS mixer. Since A2 = 2(N‘Zf) Ry Gy Pyg . €. (17) allows G/G, to be computed as a

function of P, Gy, R;, f, and N.

To determine the constant C;, saturation by a CW signal was analyzed using (17), and C; adjusted
to fit the experimental results given in the previous section. A good fit to the measured data at low
saturation levels is obtained with C; =3.3. Fig. 5 shows the agreement between eq. (3) with P, =23.5
nW, which closely fits the measured saturation data for the 115 GHz 4-junction mixer, and the
saturation characteristic given by eq. (9) with C; =3.3.

In the above approach, the degree of gain compression was determined from the mean power
delivered to the IF load (eqs.(15)-(17)). It could also be determined using the fundamental Fourier
component of the power delivered to the IF load. We found that these two methods of calculation had
negligible difference for gain compression levels up to ~50%.
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Fig. 5. The graph shows the close agreement Fig. 6. Saturation by noise and CW signals. For
between eq. (17) with C; = 3.3 and Eq. (3) with P_,, = noise, S’ is given by eq. (18), and for CW, A%2 is
23.5 nW. Eq. (3) was shown to be an excellent fit to given by eq. (19). The curve labeled CW[7] is
the measured gain compression curve for a115 GHz computed from eq. (3) as in [7].

4—junction SIS mixer [7] (see Fig. 3).

Comparison of Saturation by Noise and CW

A comparison of saturation by broadband noise and CW signals of equal powers is possible using
egs. (13) and (17). For noise, the signal power (in both sidebands) P, is related to S;, by

2
Si = [ N‘;f) GoPyo Ry (18)
and for a CW signal P, is related to 4 by
A :
o= (N;f] GoPygRy (19)

where N is the number of SIS junctions in series, G, is the small-signal gain of the mixer, and R; is the
IF load resistance. Fig. 6 shows G/G, as a function of S, (for noise) and 4%/2 (for CW). Also shown
for comparison is the saturation curve computed from eq. (3) as in [7], which has been shown to fit
experimental data well in the range 0.5 < G/G, < 1 (see Figs. 2 and 3).

Examples

To illustrate the degree to which gain compression is likely to affect SIS receiver calibration when
using a room-temperature calibration load, we make the following assumptions: (i) The mixer input
bandwidth is B, in each sideband, with B, equal to 20% of the LO frequency. Roughly, this
corresponds to a receiver which downconverts all frequencies within the full RF waveguide band, half
in the LSB and halfin the USB, to an extended IF band from 0 to B, Hz. (ii) The IF load on the mixer
is taken as R; = 50 ohms over the extended IF band 0 < f'< B,, an approximation which will be
discussed below. An IF impedance of 50 ohms is used because this is the nominal input impedance
of many low noise IF preamplifiers, including the present NRAO 4 -12 GHz HFET preamplifier [9].
We assume the mixer and preamplifier are connected directly together with no intervening impedance
transformer. (iii) The small-signal gain has a constant value G, over the full input band
0.8 f,0 <f<1.2f,,. Under these assumptions, Fig. 7 shows the expected gain compression caused by
a room-temperature calibration load for SIS mixers at four LO frequencies. The gain compression
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produced by a CW input signal of the same power as the noise input is shown for comparison. It is
seen from Fig. 7 that mixer receivers satisfying assumptions (i)-(iii), with small signal gain G,= 6 dB
SSB and a single SIS junction, can be expected to have a gain compression due to a room-temperature
source of 16% at 115 GHz and 5% at 460 GHz. With four junctions, the gain compression is 1.4% at

115 GHz and 0.4% at 460 GHz.
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Fig. 7. Curves of gain compression caused by a 300 K source (solid red lines), as a function of small-signal mixer gain,
G,, for SIS mixers at four frequencies. The parameter N is the number of junctions in series. In all cases: (i) the input
noise bandwidth B, in each sideband is equal to 20% of the LO frequency, (ii) the IF load impedance is 50 ohms over
the extended IF band 0 < f. < B, and (iii) the small-signal gain is constant over 0.8 f,, < f;, < 1.2 f,,. Shown for
comparison is the gain compression by a CW signal of the same power (dotted black line).

4. DISCUSSION

It is clear from the simulations in Section 3 that noise and CW signals of equal power produce
different degrees of saturation in SIS mixers. Furthermore, it is apparent that a room-temperature
source may cause significant gain compression in many practical SIS receivers, a phenomenon which
affects the accuracy of astronomical observations made with an SIS receiver calibrated using a room-
temperature source.
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Bandwidth and IF Load Impedance

The noise saturation results in Fig. 7 are based on the following major assumptions: (i) the input
noise bandwidth B, in each sideband is equal to 20% of the LO frequency, (ii) the IF load impedance
R, =50 ohms over the frequency range 0 to B,, and (iii) the small-signal gain G, is flat over 0.8 f;, <
Jsig < 1.2 f10. The frequency range 0.8 f;, <f,, < 1.2 f;, corresponds approximately to a standard
waveguide band when f;, is at the band center. A typical broadband waveguide to TEM mode
transducer has poor coupling outside the waveguide band, and thus acts to some extent as a band-
limiting filter. However, as saturation in SIS mixers is primarily determined by the magnitude of the
output voltage, the behavior of the embedding impedance Z,(f;,) over 0 < f; < B, seen by the SIS
junction(s) is the major determinant of the saturation behavior. In the analysis, it has been assumed
that Z,= R, at all frequencies, whereas in reality Z, depends on the RF choke circuit of the mixer, any
circuit elements between the mixer and IF amplifier, and the input impedance of the IF amplifier itself.
The importance of Z, over this extended IF range has been pointed out in [10].

Improving the Dynamic Range

Are there ways to improve the dynamic range of an SIS receiver? It is clear, from egs. (3) and (4)
in the case of CW signals, and egs. (6) and (9) in the case of noise, that the dynamic range of an SIS
mixer can be increased by: (i) increasing the number N of junctions in series, (ii) reducing the
transducer gain G, or (iii) reducing the IF load resistance R; (which also affects G,). If saturation is
caused by broadband noise, a bandpass or lowpass IF filter immediately following the SIS mixer could
reduce the RMS IF noise voltage at the mixer output if the filter were designed to have low impedance
at all frequencies above the desired IF band. This has been suggested in [10] but is difficult to
implement unless the filter is incorporated into the SIS mixer chip. In [11], a 200-280 GHz SIS mixer
is described in which |Z,| < 50 ohms over 0 to 150 GHz when the IF amplifier has an impedance of 50
ohms over that band (in reality, of course, the impedance of the IF amplifier is unlikely be 50 ohms at
frequencies far from the nominal IF band). Fig. 8 shows Z,(f) for that mixer, including the effects of
the RF choke, junction capacitance, and all the RF circuit elements. The decrease of |Z,| with
frequency reduces the IF voltage at the mixer output due to a broadband noise input, and thereby
reduces the degree of saturation compared with a mixer in which the IF embedding impedance is
largely in the high impedance region of the chart.

Fig. 8. Embedding impedance Z.(f) seen by the SIS junctions in a low-parasitic 200-280 GHz SIS mixer [11]. Z.(f)
includes the RF choke and all the RF circuit elements, and assumes that the input impedance of the IF amplifier is 50
ohms at all frequencies. Z, is plotted on a 50-ohm Smith chart over the frequency range 0-150 GHz with markers every
10 GHz.
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In principle, the dynamic range of an SIS mixer can be increased by increasing the junction area
by a factor M (> 1) while reducing the embedding impedance at all frequencies by the same factor M;
for example, the larger junction could be connected to the same embedding circuit through an ideal
transformer with impedance ratio M at all frequencies. A given degree of gain compression occurs in
both the original mixer and the modified mixer when each has the same IF voltage at the junction.
However, the modified mixer has an IF load impedance (seen from the junction) lower by factor M
than the original mixer, so the IF power delivered to the load is larger by factor M, and the RF input
power is therefore also larger by a factor M.

Measurement of Gain Compression using a CW Signal in the Presence of Broadband Noise

It is of interest to consider the response of an SIS mixer, partly saturated by broadband noise, to
a small CW test signal. The test signal produces a response with a small-signal gain which is a
function of the total input power (test signal + noise). The gain is not substantially affected by the test
signal as long as its power is small compared with the noise input power, and the small-signal response
is then linear. Only when the test signal power approaches that of the broadband input noise power
in RF bandwidth 2B, (B, is the effective IF noise bandwidth as defined above, and the factor 2
accounts for the two RF sidebands in a DSB mixer) will it contribute substantially to saturation, which
will be evident from the nonlinearity of the curve of test signal output power vs test signal input power.

It is sometimes assumed that a linear curve of test signal output power vs test signal input power
implies that a receiver is not saturated by broadband noise accompanying the test signal. This is the
assumption in [5], for a receiver with a room temperature input load in which no gain compression was
measured at low CW powers. It was concluded that "...the receiver is still highly linear when subjected
to radiation from an ambient load...." If one applies the noise saturation analysis of Section 3 to the
mixer used in [5], assuming an extended IF noise bandwidth B, of 15 GHz, a room temperature black
body source is predicted to produce ~5% gain compression — this is consistent with the other data
given in [5].

To determine the degree of gain compression produced by broadband input noise, a small CW test
signal can be used as an indicator. The small-signal gain curve (test signal output power vs test signal
input power) is measured first, in the presence of the high level broadband noise source (e.g., a room
temperature load), and a convenient signal level in the linear region of this curve is chosen. Then, the
high level noise source is replaced with a low level noise source (e.g., a liquid nitrogen load) and the
test signal output level re-measured. Any gain compression caused by the high level noise source will
be indicated by an increase in the test signal output when the high level noise source is replaced with
the low level noise source.

Balanced and Sideband Separating Mixers

In balanced mixers and sideband-separating mixers, the input power is divided equally between
two unit (double-sideband) mixers. The power required to produce a given degree of gain compression
is therefore twice that required to produce the same gain compression in a single unit mixer connected
to the same signal and IF embedding impedances. In the case ofa balanced sideband-separating mixer,
the input power is divided between four unit mixers, so the saturation power is four times that of the
unit mixer.
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Abstract

Quantum-limited mixer noise temperature has been achieved in
Superconductor-Insulator-Superconductor (SIS) resonant mixer in the 600 — 720
GHz frequency range. Our mixer employs a single full-wave Nb/AIN/Nb tunnel
junction resonator, fed by a quarter-wave transformer. The devices have low critical
current density (~ 5 kA/cm?). The mixers were tested in a fixed-tuned waveguide
mixer mount. Double-side-band receiver noise temperatures equivalent to a few
quanta have been measured for a number of different devices. Using a 0.55 x 25 um
resonator, a noise temperature of 141 K was recorded at an LO frequency of 700 GHz
with the mixer at 4.2 K. The noise temperature dropped to 111 K when the helium
bath was pumped down to 2.8 K. High sensitivity has attained over reasonably wide
RF bandwidth, ~17%. The IF bandwidth of these mixers has also been investigated.

1. Introduction

The introduction of distributed mixing in Superconductor-Insulator-Superconductor
(SIS) junctions is an important development in low-noise receiver technology for
sub-millimeter wavelengths [1,2]. The earliest distributed mixers employed fairly long
superconducting tunnel junctions, about 2 wavelengths long. The long junction acts as a
lossy transmission line in which mixing occurs along the whole length of the line. This class

of receiver has demonstrated sensitivities close to the quantum limit. A noise temperature of
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3hv/k was recorded at 460 GHz [1], where hv is the photon energy and k is the Boltzmann
constant.

In a subsequent developemnt, Belitsky [3] proposed that distributed mixing could also
be implemented in SIS resonators. One advantage of resonant distributed mixing is that the
resonator can achieve a higher impedance level compared to simple long superconducting
transmission lines which generally have very low characteristics impedance. Uzawa [4]
performed experiments with resonant distributed mixers incorporating a niobium nitride SIS
resonator in the 800 GHz frequency band. Finally, in 2001, Matsunaga [5] implemented
distributed mixing using dual SIS resonators connected in series through impedance
transformers, employing standard Nb/AlI/AIOx/Nb SIS junctions fabricated with optical
lithography. That mixer exhibited high sensitivity, with a measured noise temperature of 185
K at 630 GHz.

Following this encouraging result, we have developed resonant mixers based on
Nb/AIN/ND junctions fabricated with electron-beam lithography at Jet Propulsion Lab. In
this paper, we demonstrate that the sensitivity of 0.6 um wide full-wave SIS resonators can
reach quantum-limited performance in the 600 GHz band, at frequencies that approach the

band gap frequency of niobium.

II. Modeling of the SIS Resonator ) Ws
\ Tunnel
Fig. 1 shows the cross-section of the SIS Barrier

non-linear transmission line, which reduces to a .
op

tunnel barrier, W, is zero. Such a linear

simple microstrip line when the width of the Niobium | Electrode
dielectrie

Layer.

N,

—~3 Wi K
Niobium Base Electrode

superconducting microstrip line can readily be

modeled by various approaches. We have

employed the analysis described in [6], using
frequency dependent surface impedances from Fig. 1 Cross-sectional view of an
the Mattis-Bardeen Theory [7]. Let Zy and y, be SIS non-linear transmission line. In
our mixers, the tunnel barrier is
Aluminum Nitride (AIN) and the

dielectric layer is 250 nm thick of
W;= 0. If W; is much smaller than the width of top Silicon Oxide (SiO). The width of

the characteristics impedance and complex

propagation constant of the line respectively for

conductor of the microstrip, W, we can write the wiring layer, Ws, is 4 pm.

down the per unit length series impedance of the
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transmission line as:

Zs=yoZo(1-W;/ Ws), (D
and the per unit length parallel admittance as:
w. W,
Y, =2 1-—L |+ joC, W, +E— )
Pz, /8 P TR A

where Cy, is the specific capacitance of the tunnel junction per unit area, RyA4 is the product
of normal state resistance and area of the junction and ¢ is a signal mixing factor. In equation
(2), the second term represents the contribution of the geometrical capacitance of the tunnel
junction and the third term represents the mixing conductance due to the tunneling

quasiparticle current, G, [3].
From Tucker’s quantum theory of mixing [8], we can write down an expression for ¢ :

Ry [0 2 h
E=GyRy =23 [ (@)= I @} + 225 ®

where o = eV o/hv is the normalized voltage impressed by the Local Oscillator (LO) across
the junction, Ig (V) is the DC

current-voltage characteristic of the 6 — 30
junction and V) is the DC bias voltage :
Ju 0 . voltag P { —o—Slow Wave Factor _,/"f 25
at the operating point. From our =g 1

4 /"/ 20
\\ / 15
<

1 S 15

simulation, we find that a niobium
based SIS resonator should operate
well with o ~ 0.7 and Vo~ 1.5 mV for v
~ 660 GHz. Under these conditions,
equation (3) gives ¢ ~ 0.8. By assigning

JOJB] FAB M MO[G

Characteristic Impedance Zc¢ (ohms)
tad

a constant value to &, we assume that —+— Characteristic Irnpedancel

s : : 0 i i i i i 10
the distributed mixer may be described 0 02 0a os os 1 12 ia

by a linear model [1]. Width of Tunnel Barrier Wj (um)
Once Z and Y, are known, we can

Fig. 2 Variation of Characteristic Impedance, Z,,

and Slow Wave Factor, 4y/4,, as a function of W¥;

non-linear transmission line, including for our mixers at a frequency of 660 GHz. We have

the characteristic impedance, Z., the taken W, = 4 um, C; = 65 fF/um* and Ryd = 40 Q
2

evaluate the key parameters of the

complex propagation constant, y, and pm-.
the guided wavelength, /, .
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Z, =727,
v =4Z%2,7,

A
A =—.Im
¢ =5, )

“

6)

(6)

The characteristic impedance and the slow wave factor, 1¢/ A, , for our mixer as a function of

the width of the tunnel barrier, I}, are plotted in Fig. 2. From the figure, it can be seen that Z,

is not a strong function of W, for W; > 0.4 um. However, 4, is strongly dependent on the

width of the tunnel junction.

15 ———

Input Resistance (Rin)

Input Reactance {Xin)

Length of Resonator {um)

Fig. 3 Input impedance of SIS Resonator at 660 GHz as a
function of resonator length for #;=0.5, 0.6 and 0.7 pm. Rj,
is the real part and Xj, is the imaginary part of the input
impedance, where Rin +j Xin = Z, (W} ).coth (y(W;).L;) and L,
is the length of the resonator.
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In fig. 3 we display the
input impedances of 3 SIS
resonators with different
junction widths. The length
for half-wave resonance is
about 12 um and full-wave
resonance occurs around 25
pm. As discussed above, the
resonant impedance level is
not a strong function of W,
However, for a given length
of resonator, the resonant
frequency is quite sensitive
to the junction width.

In our experiments, we
have chosen to work with
full-wave resonators rather
than half-wave resonators
because the value of dX,/df
is smaller at full-wave
resonance, hence a larger
impedance bandwidth can

be achieved.
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ITI. Mixer and Receiver Design

In order to match the low input resistance (~6 Q) at the full-wave resonance of the
non-linear SIS resonator, we use a 3 pum wide niobium microstrip transformer section to
couple the signal power from our fixed-tuned waveguide mixer mount [9,10]. The layout of
the center of the mixer chip is shown in Fig. 4. Since the resonant frequency is highly
dependent on the exact width of the junction, we have fabricated chips with different
junction widths and lengths about the nominal dimensions of 0.6 x 25 um. We had a target
current density of 5 kA/cm?, which corresponds to Ry4 = 40 Q pm?.

The mixer is tested in a laboratory test dewar, the details of which have been described
elsewhere [5,11]. In all the experiments, we have used an IF center frequency of 3 GHz and
the signal and LO input to the dewar are combined using a wire grid polarizer as a beam
splitter in front of the cryostat vacuum window. The receiver IF output is measured by a
power meter, over the band 2.4 — 3.6 GHz. Fig. 5 shows a photo of the set-up of our

measurement bench.

Feed point of
Waveguide Embedding
Circuit

Fig. 4 Line drawing of mixer chip Fig.5 Set-up of laboratory receiver measurement. LO

unit is located on the right. The LO beam is focused by
a 90° parabolic mirror and is injected into the dewar by
a wire grid polarizer. The 3 GHz room temperature IF

layout, showing the microstrip
transformer section and the SIS
resonator. The drawing is not to scale

and the dimensions are in pm. ..
wm chain is on the left.

IV. Receiver Performance

The receiver noise temperature of was measured using the standard Y-factor method
with ambient (295 K) and liquid-nitrogen cooled (77 K) loads.

We have tested a number of different mixer chips, and fig. 6 shows the current-voltage
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and power-voltage characteristics of a 0.55 x 25 um resonator, and the variation of Y-factor
with bias voltage, when driven by a 700 GHz LO. The gap voltage is 2.85 mV at a bath

temperature of 4.2 K. The mixer is, therefore, operating close to its gap frequency of 690

GHz. The tunneling current at 4 mV bias is about 1.4 mA, which corresponds to a normal

state resistance of about 2.8 Q. The sub-gap leakage current at 2 mV bias is about 66 pA,

which corresponds to a sub-gap leakage resistance of about 31 Q. A small magnetic field is

applied so that the IF power output is minimized at 1.45 mV bias, where the first Shapiro

step occurs.

1.6

0.6 ——

0.45 |

/ 1.2

IF Power Qutput (arb. unit)

(vu) Jusun) serg

2.25

}

1.75

.

1.5

&l

rl\\

P

Y-tactor

!

1.25

N

\

0

Fig 6

1

2 3 4
Bias Voltage (mV)

The top figure shows the Current Voltage

Characteristics of a 0.55 x 25 um resonant mixer without
LO (solid line) and in the presence of LO power at 700
GHz (dotted line). On the same figure, the receiver IF
power output is also displayed. The solid line with
markers a gives the response to a 295 K load, and the
dotted line with markers o gives the response to a 77 K
load. The bottom figure shows the variation of Y-factor as
a function of bias voltage. The bath temperature was 4.2

K.
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A Y-factor

observed at a bias setting of 1.1

of 2 was

mV and 0.1 mA, corresponding
to a double-side-band (DSB)
Rayleigh-Jean noise temperature
of 141 K. In spite of the high
value of dP.,./dV at this bias
setting, the receiver was found to
be very stable. The estimated
DSB conversion loss was about
7.5 dB. At a bias of 1.7 mV, the
Y-factor was 1.92, improving to
1.95 when the LO power was
slightly increased. The Y-factor
showed a dip at a bias of 0.75
mV. We believe that this was
caused by Josephson oscillation
at about 360 GHz, the frequency
at which the mixer becomes a
half-wave resonator.

When the helium bath
temperature was reduced to 2.8
K, the sub-gap leakage current
decreased to 54 pA. Conversion
loss was decreased by about 1
dB and the Y-factor measured at
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Fig. 7 Noise temperature of 0.55x25 pm SIS~ Fig. 8  Performance of different mixers
resonator as a function of L.O. frequency. biased at 1.1 mV with a 4.2 K helium bath.
Noise temperature is calculated from Also shown are the noise temperature
measured Y-factor in the Rayleigh-Jeans corresponding to 4 and 6 photons.

regime, by Tn = (295-77Y)/(Y-1).

1.1 mV bias point jumped to 2.16, corresponding to a DSB Rayleigh-Jean noise temperature
of 111 K. This noise temperature is equivalent to 3.3 Av/k, which implies that the sensitivity
is quantum-limited. The decrease in receiver noise temperature of about 30 K is mainly due
to a reduction of leakage current. The gap voltage only changed by 0.05 mV and should only
have a small impact on sensitivity. We expect that if lower leakage devices become available,
we would be able to measure noise temperatures in the 3 Av/k range even with a 4.2 K helium
bath.

In figure 7, plot the receiver noise temperature as a function of LO frequency for
different bias conditions and different helium bath temperatures. Low noise operation is
achieved up to 714 GHz, the highest frequency of our LO unit. Measurements with Fourier
Transform Spectrometer indicate that the receiver should have reasonable performance up to
730 GHz.

In Fig. 8 we display frequency dependence of the sensitivity of 3 different mixers in
our test receiver. The 0.60 x 23 um resonator has a noise temperature below 200 K between
580 and 690 GHz, corresponding to a bandwidth of about 17%. These data shows that the
frequency response of these resonant mixers is controlled mostly by the width of the

resonator, rather than by the length. For example, the 0.60 x 23 pm resonator is centered at a
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lower frequency than the 0.55 x 25 pm resonator. This is consistent with the results of the

calculations shown in Fig. 3.
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mixers is their large geometrical w4 ot T 160 Z
S e -
capacitance which may limit the useful 5 p e | o =
IF bandwidth. For example, in the 0.55 x § [ ] -§
, . g o taartas 5
25 pm resonator, the device capacitance S = { 80 g
m LYY (43
is estimated to be about 0.9 pF, A& | N lo ©
. . U [| & Conversion Loss s 1
considerably higher than other lumped Single Pole Fit s
element designs, which typically have a 120 T s 6 5 s 910
total of 0.3 pF output capacitance IF Frequency (GHz)

[6,9,10]. We have made detailed Fig. 9 IF Response of a 0.55 x 25 um resonator.
measurement of the IF performance of The conversion loss data has been fitted with a

our mixer using a 2 — 4 GHz amplifier single pole roll-off model that has a 3-dB roll-off
and a 4 — 8 GHz amplifier. The noise  atabout 6 GHz.

temperature of both amplifiers is in the

3 — 4 K range and we incorporate a circulator cooled to 4.2 K between the mixer and IF
amplifier. The measured data is summarized in Fig. 9.

The data confirms that the receiver performance degrades with increasing IF. Using a
single pole roll-off model, we derive a 3-dB IF bandwidth of 6 GHz from the experimental
data. At an IF of 6 GHz, the conversion loss is about -9 dB versus —7 dB at around 3 GHz,
and the noise temperature is 170 K versus 140 K at 3 GHz. From the sensitivity point of view,

this mixer will be useful up to an IF frequency of 8§ GHz,

at which point, the noise temperature is about 1.4 times J_
the noise temperature at lower IF, which corresponds to =
a doubling of integration time needed to obtain the same T R,
signal-to-noise ratio when a faint signal is being R C. C

) out ] tune
received.

The IF roll-off can be understood by considering )
Fig. 10  Equivalent Output

the equivalent output circuit of the mixer as shown in
Circuit of SIS Mixer

Fig. 10. In this circuit, Ry is the output resistance of the
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device given by dV/dl on the current-voltage characteristic of the device in the presence of
LO drive. C; is the junction capacitance and Cype is any parasitic capacitance introduced by
any matching circuit. In the case of the resonant mixer, Cyy. is introduced by the transformer
section and it is much smaller than Cj . Assuming that the mixer output is connected to a
constant load, R; , the 3-dB IF bandwidth as a result of this RC circuit can simply be written
as:

(14 o

R, +R, R,

R, (C,+C

BT R ) 27 (RyA).(1+ )C, ™

out tune

where 7 = Rou/ Rvand y = Cie/ Cj . In our mixer, Ry, = 50 Q, Ry ~ 45 Q and y<< 1, and we
have F3 45~ 7.5 GHz. This is close to the fitted value of 6 GHz.

It is clear from equation (7) that when Ry ~ Ry, the IF bandwidth limitation is imposed
not so much by the large junction capacitance but by a large value of 7, the ratio between the
output resistance and the normal-state resistance. In this example, we have » > 10. However,
this seems unavoidable at high operating frequency where the quasi-particle tunneling step
is very wide and the step is more likely to be flat, giving rise to relatively high values of Ry .
This does not seem to be unique to resonant mixers. We also note that the IF bandwidth
depends on the RxA product. Clearly, we may improve the IF bandwidth by increasing the
current density of the tunnel junction. However, at higher current density, Cg, slowly
increases, so that the gain in bandwidth may be limited.

Equation (7) can be applied to all other types of SIS mixers. In many lumped element
mixer designs, the tuning circuit may involve a large capacitance, making y > 1, In which
case, equation (7) predicts that the IF bandwidth will be smaller than resonant mixers.

The above discussion assumes a constant IF load. An IF matching circuit can always be
designed to reduce the impact of the IF roll-off effect. The large geometrical capacitance of
the distributed mixer does not seem to impose a fundamental limit on the IF bandwidth of the

mixer.

VI. Conclusion

A near Quantum-limited sensitivity has been achieved in the 600 — 720 GHz frequency
band using an SIS resonant mixer receiver. The tunnel junction resonators in our mixer
design can be modeled easily through a simple linear transmission line equations. Using

transformer-coupled full wave Nb/AIN/Nb resonators, we have measured noise
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temperatures as low as 141 K at 700 GHz with the mixer cooled to 4.2 K and 111 K with the
mixer cooled to 2.8 K. The mixers exhibit a 17% RF bandwidth, have a measured 3-dB IF
bandwidth of 6 GHz and useful sensitivities up to an IF bandwidth of about 8§ GHz.
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Abstract

We describe the design, construction, and characterization of two SIS mixers: a DSB
mixer for the band 275-370 GHz, intended for band 7 of the ALMA frontend, and a
SSB mixer, backshort tuned, intended for IRAM's Plateau de Bure interferometer, and
covering the band 260-360 GHz. These two mixers share various common design
features, such as a wideband single ended probe transition from full height waveguide
to microstrip, and they use the same mixer chip. A significant challenge, especially for
the SSB mixer, has been to achieve not only low noise, but also stable operation over
the design band. The receiver noise for the DSB mixer is found to be below 50 K over
100 GHz of RF bandwidth, with a minimum as low as 27 K (uncorrected) at 336 GHz.
The SSB receiver has a measured image rejection of order —14dB over the design band,
and its noise remains below 80 K (effectively a SSB receiver noise value).

1 Introduction

The frontend for the ALMA project comprises ten frequency bands, among which
band 7 (275-370 GHz), whose baseline specification is for a DSB, fixed-tuned mixer,
with a maximum noise temperature of Shv/k (66 K at 275 GHz). Therefore, our first
goal has been to develop a low-noise DSB mixer with stable operation over that band.

A significant element of the system noise in a mm-wave frontend is the atmosphere's
radiation in the image band. The new receivers being developed for IRAM's Plateau de
Bure interferometer include a channel covering the band 260-360 GHz; it is foreseen to
reject the image band with an adjustable backshort, as in current IRAM receivers.
Therefore, the second goal of our work has been to develop such an SSB mixer, again
with low noise and stable operation.

2 Design

In the section we review the main design features of the two mixers, referring the reader
to Navarrini ef al [1], where the design of the SSB mixer is presented in more detail.

2.1 Full height waveguide to microstrip transition

One of the goals of the design is to achieve an efficient coupling of the available RF
energy to the SIS junction. Rather than attempting a global optimization, we have, as a
first step, optimized the coupling of the waveguide TE;o mode to a TEM port with real
and suitably low impedance. We chose to use full height waveguide for these mixers,
because, compared with reduced height waveguide, it has lower losses and is easier to
fabricate.

2.1.1 Wideband probe transition

Yassin and Withington [2] have shown that a very good match can be obtained between
a full-height waveguide and the driving point impedance of a radial probe, with a real
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To the
feed-hom

-21e+005 V/in

Short-circuit
Fig.1a Left) Wideband probe transition. Fig. 1b Right) Driving point impedance found in
FDTD simulations; Antl and Ant2 differ by the opening angle at the base, which is 130° for
Antl, and 90° for Ant2. While Antl delivers a lower impedance, Ant2 was preferred for the
SSB application (see section 2.4).

and relatively low value (=50Q) over a full waveguide band. In a practical
implementation, the antenna drives a microstrip line whose ground plane is a suspended
stripline RF choke sitting on a dielectric substrate, itself housed in a channel
perpendicular to the waveguide (see Fig. 1a).

We modeled this configuration using the FDTD package Microwave Studio from CST
[3]. We obtained for the driving point impedance the results shown on Fig. 1b, with the
following parameters: waveguide dimensions 760 umx380 um, substrate fused quartz,
width 250 um, thickness 80 um, 100 um air above, 50 um air below, probe (and
substrate) extending 200 um into the waveguide, opening angle at probe base 90°. The
fixed backshort is located at 210 um behind the plane of the probe metallization,
approximately Y4 A,. An impedance close to 75 Q is obtained over the band 275-
370 GHz. While Yassin and Withington show that good results can be obtained with the
probe either in the longitudinal plane or perpendicular to the waveguide, we chose the
latter orientation in order to decouple the TE;y mode of the waveguide from an odd-
symmetry mode of the suspended stripline, whose cutoff frequency falls within the
operating band.

2.1.2 Image rejection by reactive termination.

If the electrical distance between the probe and the backshort is an integer multiple of
Y2 Ag, the probe is shorted, and the junction sees a reactive termination; if that distance is
an odd multiple of % A, a match is obtained for the probe, and for the junction,
provided that a proper matching circuit is present (will be discussed further down). For
given values of the signal and image frequencies, vs and v, the two conditions can be
met (approximately) for the same backshort position /5 (see [1]):

c v
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tapering

IF QOutput feed-horn Frequency 260 to 360 GHz
Fig 2a Left) Structure of the SSB mixer, with an adjustable backshort. Fig. 2b Right) Driving
point impedance of the probe in the frequency interval 260-360 GHz, for a fixed backshort
position 7 mm away from the probe. At regular frequency intervals of = 8 GHz, the probe
impedance alternates between a real value Z,, = 75 Q and a pure reactive mismatch.

For an IF center frequency of 4 GHz, /3= 7 mm. Figure 2 shows the structure of the SSB
mixer, and the modeled probe impedance as function of frequency for an arbitrary
backshort position. Equation (1) only gives an approximate value for /s, the precise
value is chosen to have maximum rejection at v; (and a near optimum match at vy).

2.2 Stability

2.2.1 DSB case

In the DSB case, the LSB and USB ports of the junction see equal terminations
(actually, in the formalism of Tucker's theory, because v, = v.; = vj -Vy0 is negative,

Y-;=Y;"). The output impedance at the junction's IF port, defined by (using standard
notations):

Yir =25 — Y @)

is actually independent of Y. If the mixer is to be stable for arbitrary passive IF load
admittance Yy, the real part of ¥ must be positive. Fixing the bias voltage at the middle
of the photon step: Vpc=Vg-hvio/2e, and the pumping parameter o=1, leaves as the
only free parameter the RF impedance Y; seen by the junction. The region of stability,
that depends only weakly on the LO frequency, is shown on Fig. 3a. This problem had
already been discussed by D'Addario [4].

2.2.2 SSB case

In the SSB case, to keep the discussion manageable, we assume that the junction sees on
the signal port a source impedance Zg =Ry. As discussed above, the rejection of the
image frequency is achieved by presenting a pure reactive termination Z; on that port,
whose value is the only free parameter in this case. The stability condition (again
weakly dependent on frequency) is more restrictive at the low end of the operating
range; at 275 GHz, the stable region is given by:
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This portion of the I'=1 circle is shown on Fig.3b.

2.3 Junction parameters

To achieve the RF tuning bandwidth of =100 GHz, we chose a Ryx4 product of
25§2><;,Lm2. With a specific capacitance of 75 foum'z, this corresponds to a quality
factor Q=RprC®=2.6 at mid-band, based on a small-signal RF impedance
Rgr=0.75xRy at 310 GHz. A junction area of 1 um® was chosen as a compromise
between the technological difficulties of fabricating small area junctions with a good
accuracy, and the problem of matching the junction's RF impedance to the higher
driving point impedance of the waveguide probe. The junction definition was realized
by E-beam lithography.

2.4 Matching circuit

The matching circuit is realized by a combination of microstrip lines patterned in the Nb
wiring layer over a 200 nm SiO, (¢=4.2) insulation, and sections of coplanar waveguide
patterned in the base Nb of the trilayer. The junction capacitance is tuned out by a short
(=A\/8) length of microstrip line terminated to a virtual ground provided by a radial stub.
The resulting near-real impedance is matched to the waveguide probe by a A/4
transformer, realized as a capacitively loaded coplanar waveguide, comprising two
coplanar sections. The probe with a 90° opening angle was chosen (see Fig.1) despite
the higher transformation ratio to 75 €, because it allows to better fulfill the stability
criterion for the SSB mixer.

The design was performed by computing the S-parameters of the probe coupling
structure (including the suspended substrate microstrip line choke) with CST
Microwave Studio [1], and of the planar circuit discontinuities with Sonnet [5], and then
importing these into ADS [6] where the optimization of microstrip and coplanar
transmission line lengths was performed. As can be seen on Fig. 3, this circuit provides

N
,,,,,
LA ¥

322.5 GHz Ntdbla &\‘
/.......;. g o v .0

370 GH < z::v:u \,’ v 0 -
— = / Ve image ter™

Fig. 3a Left) The stability region in the DSB case, and the RF impedance seen by the
junction in the DSB mixer model. Fig. 3b Right) Similar data for the SSB case. See
text. Each of the Smith Charts is normalized to the small signal RF impedance of the

junction Rgr=18 Q for Ry =25 Q.
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a broadband match for the DSB mixer, a good match at the signal frequency for the SSB
mixer, and fulfils the respective stability criteria for either type of mixer.

3 Experimental results

The main parts of both DSB and SSB mixer blocks are made of brass and are split in
two parts (Fig. 4). The front block is identical in the two mixers and includes the full
height waveguide realized by spark erosion. Anti-cocking bosses and alignement pins
are used the front blocks. Both mixers include magnetic circuits for the suppression of
the Josephson current.

. Diagonal
L s feed-horn

e _
Fig. 4: Left) Photograph of the internal parts of the DSB mixer block and of the IF matching

circuit. Right) DSB mixer integrated with its IF matching and magnetic circuits. A
crossguide coupler and a diagonal feed-horn are also shown.

The receiver noise was obtained by the standard method placing ambient temperature
and cold (77 K) loads in front of the receiver. We assumed the effective temperature of
the radiating loads to equal the physical temperature (Rayleigh-Jeans approximation).
This also corresponds with very good approximation to the Callen&Welton effective
radiating temperature [7] that excludes quantum vacuum fluctuation from the receiver
noise.

The mixer under test is installed in a two stage liquid helium/liquid nitrogen cryostat for
laboratory noise measurements. A 1.78 mm thick grooved HDPE vacuum window and a
IR filter realized with a 8.15 mm polystyrene foam are located on the signal path before
a corrugated feed-horn with HDPE grooved phase correcting lens. A 3.5-4.5 GHz IF
HEMT amplifier with noise Tr=5 K and gain Gr=34 dB is cascaded with the mixer. A
Gunn oscillator followed by a frequency multiplier (3% or 4X) provides the necessary
local oscillator (LO) power over the test band. The mixers have been tested by using LO
injection both with a) a wire grid located outside the cryostat 5) a —16 dB branch-guide
coupler.

3.1 Characterization of the DSB mixer

The pumped current-voltage characteristic with LO frequency v.0=320 GHz, as well as
the receiver output power as a function of bias in response to hot/cold loads are shown
in Fig. 5. The receiver noise measured in front of the injection grid at this particular
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Fig. 5: Pumped v
characteristic and receiver
output in response to hot/cold
loads versus bias voltage for
LO frequency vi0=320 GHz.

frequency was 37 K. Fig. 6 shows the measured receiver noise temperature plotted
against LO frequency for various chip-DSB block combination over the 225-368 GHz
band. The T, measurement are uncorrected for optics and injection losses. The first
three measurements were obtained with quasi-optical injection: the receiver noise is
below 60 K over more than 100 GHz of band. The relative bandwidth of the mixer of
approximately 50 % is one of the widest ever reported. The increase of noise in the
upper part of the band is believed to be caused by the junction area being 35 % larger
than specified. Even with that increase the specification for the RF coverage of ALMA
band 7 is met.

A further test of the mixer using a branch-guide coupler [8] gave superior performance
in terms of noise temperature over a narrower bandwidth, with minimum of
(uncorrected) Tec=27 K at 336 GHz; to our knowledge this is the lowest receiver noise
ever reported at this frequency.

3.2 Characterization of the SSB mixer

Setting the mixer for SSB operation at the signal frequency vg is a two-step process.
First, the LO is set at the image frequency v;, and the junction dc pumped current is
plotted versus backshort position lp. A
position that gives minimum current z 70
corresponds to minimum coupling of the | =
junction at vi. Actually, several positions are
found, spaced at regular intervals of A,/2, as
shown on the experimental result plotted in
Fig. 7. Mixer modelling calculations are
used to select the position lys that gives near- e s e s ey By e B B
. . . 25 30 3% 40 45 50 55 60 65 70
Optlmum COllpllng at the Slgllal ﬁequency- Backshort distance from the antenna plane Ips [mm]
Then the LO is set at the proper vio for SSB | Fig. 7: Pumped current versus backshort
operation at v without changing l,,. The | distance from the antenna plane /, for
narrow resonances observed in the plot of | LO pumping frequency v=288 GHz.

Pumped cument

V=288 GHz
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the pumped current versus lps curve are believed to be caused by the second polarization
of the TE;; mode that can propagate in the circular waveguide. We believe that the
second TE;; mode is coupled by an off-axis displacement of the circular backshort and
is trapped between the backshort and the transition. The narrow resonances can degrade
the image rejection at particular frequencies. Therefore, it is foreseen to replace the
circular cross-section backshort with a new choke type rectangular backshort that can be
moved in an uniform rectangular waveguide.

The image band rejection has been measured by using a Martin-Puplett Interferometer
(MP]) that provides sideband filtering (Fig. 8). The MPI is tuned to reject successively
the signal and image band. Then, the difference of the receiver output powers in

1/g=280 GHz Martin Puplett Interferometer
Roof mirrors
/=284 GHz
11=288 GHz Horizontal
Elliptical wirs grid

mirror

Vertical
wire grid

Am B

IF output —»
® Vartical Polarization 3.5-4.5 GHz
Hot/Cold
— » Horizontal Polarization Loads

Fig. 8: Setup for the measurement of the image band rejection.
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Fig. 9: Measured receiver noise temperature and sideband
rejection versus frequency. The image gain was measured by
using the MPI.
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response to hot/cold loads located in the arm B are measured. The sideband rejection is
obtained as the ratio of these differences.

The results of characterization of the SSB mixer are shown in Fig. 9. A DSB receiver
noise temperature of the order of 80 K (uncorrected) is obtained over most part of the
band (left scale) with an image rejection around —14 dB (right scale). Given the high
image rejection, the plotted receiver noise is an SSB receiver noise temperature apart
from a factor (1+Gy/Gs)=1.04.

4 Conclusions

Two SIS mixers in full height waveguide have been designed. They use the same mixer
chip. One is a fixed tuned DSB mixer, designed for ALMA band 7 (275-370 GHz). Its
operation has been demonstrated over 225-370 GHz, with a DSB noise temperature
below 50 K over a 100 GHz RF band, the minimum being 27 K at 336 GHz. The
second one is a SSB mixer designed for IRAM's Plateau de Bure interferometer, with an
RF band 260-360 GHz, and where the rejection of the image band and the matching of
the signal band are simultaneously achieved by an adjustable backshort. The measured
rejection is of order —14dB; the (quasi-SSB) receiver noise is below 80 K over 90% of
the design band.
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Abstract

Two type of Nb diffusion-cooled HEB mixers have been studied. One uses a
twin-slot antenna designed for 700 GHz, and has a bridge length of 200 nm. This device
is fabricated using an in situ-process for the interface between the bridge and the cooling
pads. An uncorrected receiver noise temperature of 1200 K at 640 GHz and an IF
bandwidth of 5 GHz have been measured. The second device uses a log-periodic antenna
designed for a wide RF bandwidth. However, there is a misalignment of the Nb bridge
with respect to the Au cooling pads. Receiver noise temperatures at 0.64, 1.9, and 2.5
THz have been measured. We are able to link the geometry feature to the measured
properties.

1. Introduction

Superconducting Nb diffusion-cooled hot electron bolometer mixers have shown
promising performance such as high sensitivity, large intermediate frequency bandwidth,
and low local oscillator power. They are the most promising mixers for frequencies
beyond 1 THz. Several research groups'™ are working on such devices and report good
performance. However, extensive experimental data concerning the RF performance is
still lacking. It is believed that the difficulty comes from the fact that the performance of
such devices is very sensitive to the fabrication processing steps, the detailed geometry,
and the test environment. In this work, we show that by changing one fabrication step
defining the interface between the Nb bridge and Au cooling pads in-situ, good
performance in terms of IF bandwidth and sensitivity can be achieved. We will also show
that the DC and RF performance can strongly depend on the device geometry, as
observed from a device having a misalignment of the bridge with respect to its cooling
pads.

2. Mixers

Two type of quasi-optical mixer designs have been explored in this work. One uses a
twin slot antenna in combination with transmission line (CPW) for 700 GHz and 2.5
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THz’. Although the final goal is to develop devices operating at 2.5 THz, unfortunately,
only those designed for 700 GHz work from two batches using a new fabrication process
that will be described shortly. Details of the device IS I 2 G4 are listed in Table 1. An

SEM micrograph of a similar device is shown in fig. 1.

Fig. 1 SEM micrograph of a quasi-optical Nb HEB mixer with a twin-slot antenna , designed for 700 GHz.
The device is similar to IS 1_2 G4. The inset shows a zoom of the CPW/bridge area.

Table 1. Details of device IS 1\ 2 G4. L, w and s are the antenna slot length, width and separation,
respectively. a and b are the slot-- and center line width in CPW transmission lines. Zy,,, are filter
sections having high and low impedance.

frequency 0.7 THz

Antenna twin slot, L=137um, w=6.9um , s=68.5um, metal Au layer: 300nm
CPW line a=1.2 um, b=2.0 um
Filter Ziow: =12 pm, b=6.6 um, Zp;: a=3.9 um, b=1.2 um

Nb bridge Thickness = 14 nm, length = 200 nm, width = 250 nm (nominal)
Resistance R oxk=40 Q,R 45 =7 Q (series R) , R 300x = 104 Q
Substrate Si, 300 pm thick, one-sided polished (not on purpose)

The second type of mixer is based on a log-periodic antenna (2x15 teeth), which should
have a wide RF bandwidth. The antenna has a self-complimentary design and its
impedance is relatively high. Since the Nb devices usually have a low impedance, there is
always a considerable mismatch between the antenna and the bolometer, causing
degradation of noise performance. So such a antenna is not the optimum choice for the
HEB to obtain the maximum performance. However, the wide band allows us to verify
the frequency dependence of the HEBM sensitivity. The SEM micrograph of the device
reported in this work is shown in fig. 2. It is important to note that there is a misalignment
of the bridge with respect to the cooling pads (about 150~nm), that is partly due to an
error in the e-beam lithography and partly due to the fact that this device is designed for
having a narrow cooling pads. The relevant parameters are; 300 nm separation between
the cooling pads, 400 nm Nb bridge width, 22 Q normal state resistance.
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Fig. 2. SEM micrograph of device IS 1 _4 F3. The inset shows the Nb nanobridge contacted by Au cooling
pads. The length and width of the bridge are 300 nm and 400 nm, respectively. Clearly, the bridge is
misaligned with respect to the cooling pads.

3. Fabrication.

The fabrication process is different from the one described in ref. 5, in essentially two
aspects. a) the interface between the Nb bridge and Au cooling pads is realized in situ, so
no vacuum breaking. This is realized by depositing thin Nb and a thin Au cap layer in
situ. After defining the Au cooling pads, the Au cap layer will be etched away; b) we use
a thin Al strip as an etching mask to define the bridge width.

4. RF measurement set-up

The noise temperature measurements are performed by a standard Y-factor technique
with 300/77 K loads in the receiver signal path. All measurements are taken at an IF of
1.4 GHz . We use a Mylar beam splitter with a thickness of 15 pum to couple the LO into
the mixer. A number of BWOs and Carcinotrons covering the frequency range from 0.3
to 1.2 THz serve as a local oscillator. Above 1 THz an optically pumped FIR ring laser in
our lab is used. The output lines at frequencies of 1.6 THz, 1.9 THz and 2.5 THz are now
available.

IF bandwidth measurements are done using a pair of submillimeter sources at
frequencies around 650 GHz. A Miteq 0.1-8 GHz cryo-amplifier is used as the first stage
amplification. It is followed by a room temperature amplifier and further by a spectrum
analyzer.

5. Measurement results of a twin-slot antenna coupled HEB mixer designed for 700

GHz

5.1 DC measurements
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We start with a twin slot antenna-coupled device labeled as IS 1 2 G4. The critical
temperature T, of the Nb nanobridge is 7.4 K, which equals to the larger films on the
same wafer. The T, of the Nb under the Au cooling pads (110 nm thick) is 6.2 K, thus the
difference between the two T, amounts to 1.2 K. This difference is nearly the largest
observed so far in our Nb HEBMs, indicating a strong suppression of superconductivity
by the Au cooling pads due to the proximity effect’. So one can expect a Nb/Au interface
with a high transmissivity. Both the high transparent interface and the strong suppression
of superconductivity of the Nb under the cooling pads are favorable for diffusion cooling.
The critical current I is 160 pA at 4.2 K and increases to 260 pA at 3.2 K. The normal
state resistance Ry measured above T, is 40 Q (as given in table 1), which is higher than
expected. Based on the nominal geometry and square resistance measured in a larger
structure, we expect the value to be around 12 Q. We suspect that the deviation from the
nominal value is partly due to over-etching while defining the Nb nanobridge. This may
cause the bridge to be narrower than the nominal size. However, since SEM micrograph
of this particular device is not available, we cannot make a hard conclusion. The serious
resistance of 7 Q is due to the filter structure.

Signal (a.u.)

0.0 ' ¢ y ’ . . :
0.2 0.4 086 0.8 1.0
Frequency (THz)

Fig. 3. Measured direct response of a twin slot antenna coupled Nb HEB mixer. The thick line gives
measured data and the thin line indicates the simulation.

5.2 Direct response

Fig. 3 shows the direct response of the device as measured by FTS. The thick solid line
indicates the measured curve. We calculate the FTS response for this specific device
(real geometry) using the model described in ref. 5. The result is shown as a dashed line
in Fig. 3. This curve includes the effect of all the optics, so we can compare it directly to
the measurement. The peak frequency is well explained, however, the measured
bandwidth is ~20% smaller than the predicted one. It is worthwhile to mention that other
samples from the same batch show a better agreement. So it depends strongly on device
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differences. We present however the data from this device because it is completely
characterized regarding its noise and IF bandwidth.
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Fig. 4. In the upper panel, Y-factor (thin lines) and T,,. (thick lines) vs bias voltage for the device IS 1 2
G4 with several LO levels at 0.64 THz, in the lower panel, corresponded pumped IV curves are also given.
The correspondence is indicated by the line style, e.g. all the dashed lines have the same LO power. These
data are taken at 4.2 K.

5.3 Receiver Noise Temperature

The Y-factor and thus the receiver noise temperature of the same device(IS 1 2 G4)
have been systematically measured as a function of bias voltage for different LO power
levels at the bath temperatures of 4.2 and 3.2 K. Fig. 4 shows the Y-factor and the
deduced receiver noise temperature as a function of bias voltage at four different
pumping levels, together with their corresponding pumped IV curves, taken at a Ty of
4.2 K. At this temperature, the best Y-factor of 0.5 dB has been measured manually (not
included in the figure), corresponding to a receiver noise temperature of 1600 K (DSB).
Note that all noise figures given in this paper have not been corrected for any loss in the
signal path, e.g. beam splitter.
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We now try to look at this result more closely. Two features are worthwhile to
mention. First of all, for a given bias voltage, e.g. at 0.8 mV, T,,. decreases with
increasing LO power (means starting from less pumped IV curves), passes a minimum
and eventually increases again. Secondly, for a fixed LO power, T,.. has a minimum
between low and high voltages. So these features clearly demonstrate that there is a
region where the mixer has the lowest noise if one adjusts LO power and the bias voltage.
Such features have been reported in NbN phonon cooled mixers’, but rarely reported in
Nb mixers. Furthermore, the highest Y-factor does not occur at the lowest bias voltage,
at which the dynamical resistance starts to be negative, that is favorable for the real
application. The LO power absorbed by the mixer for the case of the lowest noise is
estimated to be 30 nW.
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Fig. 5. In the upper panel, Y-factor (thin lines) and T,,. (thick lines) vs bias voltage for the same device as
in fig. 4 with several LO levels at 0.64 THz. in the lower panel, corresponded pumped IV curves are also
given. The correspondence is indicated by the line style, e.g. the dashed lines mean the same LO power.
These data are taken at 3.2 K.

We repeated the measurement by lowering the bath temperature to 3.2 K. The
result is given in fig. 5. In general, we see similar behavior of Y-factor vs the bias voltage
for different LO powers. However, overall Y-factor increases at this temperature. Now

46



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

the highest Y-factor goes up to 0.65 dB (not included in the figure). This gives a receiver
noise temperature of 1200 K. We also notice that it requires in general more LO power to
pump the device.

The best receiver noise temperature decreases by ~26 % upon decreasing the
temperature to 3.2 K. Similar improvement has also been observed in our waveguide Nb
HEB mixers and by other groups. Attempts have been made to understand whether this
is due to an increase of mixer gain or a decrease in mixer output noise®. Unfortunately,
the issue is still not fully resolved.

We also measure the receiver gain in order to determine the mixer gain. The IF
output power of the device has been measured by changing hot/cold loads. We find the
maximum DSB receiver gain to be -20 dB. Using Table 2, which summarizes all other
losses in the receiver, we deduce a DSB mixer gain Gyix to be —16 dB. We can only
present the mixer gain at 4.2 K, but not at 3.2 K since in the latter case no such IF power
data have been recorded.

Although there is no well-established model to predict the mixer gain of a
diffusion-cooled mixer, for curiosity, we calculate this value by using the electronic hot-
spot model®® with inputs of the experimental IV curves and the device parameters. We
find the maximum mixer gain to be —12 dB. So, the difference is not considerably large.

Table 2. Balance of the receiver losses at 0.64 THz, including also a loss due to a slight off from the
antenna peak frequency. We did not include the effect of roughness on one side polished substrate.

Elements Loss(dB)
Splitter 0.4
Window 1.0

Zitex filter (x2) 0.2

Lens (reflection) 1.5

Lens (absorption) 0.3
Antenna offset 0.2

One side-polished Si | ?

Total 3.6

5.4 TF bandwidth

The IF bandwidth of an HEBM is an important practical parameter, which is defined as
the frequency at which the conversion gain drops by 3 dB. We measure this bandwidth
for the same device (IS 1_2 G4). We start with a low bias voltage (0.65 mV), at which
the minimum noise temperature has been obtained. The conversion gain as a function of
IF frequency is presented in fig. 6. The one-pole Lorentzian fit to the data gives the IF
bandwidth of 3.2 GHz. By increasing the bias voltage to a high value (~ 3mV), we repeat
the measurement and find the IF bandwidth of 4.5 GHz. Several other devices with the
same bridge length from the same batch have been evaluated, showing the IF bandwidth
to be in a range of 4-5 GHz at high bias voltages. An example is given in fig. 7. This is
measured in another device labeled as IS 1_2 B9 and the bandwidth is 5 GHz. To make a

47



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

comparison, the data from a similar device but produced by non in-situ process is also
included. For this device, the IF bandwidth obtained is only 2 GHz.

-32 4

Relative conversion gain (dB)

-44 :
1

IF frequency (GHz)

Fig. 6. The measured relative conversion gain as a function of IF frequency for the device (IS 1 2 G4) at a
bias voltage of 0.65 mV for which the best sensitivity was obtained (in the optimal bias point). The one-pole
fit gives a roll-off frequency of 3.2 GHz. This device has a nominal length of 200 nm.
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Fig. 7. The relative conversions gain as a function of IF frequency, measured on a device (IS 1\_2 B9)
made in-situ (squares) and one made ex-situ ES 2 2 (dots). The nominal bridge length for the both devices
is 200 nm. The in-situ device gives an IF bandwidth of 5 GHz and the other one 2 GHz.

In general IF bandwidth of such a device should increase with increasing the bias
voltage'®. This is because at low bias voltages, only a part of the superconducting bridge
is driven to be normal. At high bias voltages one can view the superconducting bridge
just as a metallic strip. So the IF bandwidth should increase and approach to what
predicted by the diffusion-cooling expression:

IF yoit.of= TD/2L
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where D is the diffusion constant and L the bridge length. We calculate this value by
taking the nominal length 200 nm and using a diffusion constant of 2.1 cm?/s, which is
deduced from a value measured in thin Nb film®, taking the sheet resistance of our film
into account. Using these values, we find the IF bandwidth of 8.3 GHz, which is higher
than the observed one.

5.4. Discussions

We have evaluated three similar devices in the RF setup and obtained very similar noise
performance. The noise figure presented in this paper is the lowest among the tested
quasi-optical mixers in our lab. They are in general better than the devices produced in
the non in-situ fabrication process. Unfortunately we can only compare the data at 640
GHz, but not at 2.5 THz because we did not have devices designed for 2.5 THz using the
new process. To have a comparison, we also summarize sensitivity measurements based
on devices produced by the non in-situ process. Several batches of the devices have been
produced and a considerable amount of them have been tested in order to evaluate the
noise performance. The DSB noise temperatures vary between 1.500-2.000 K at 640 GHz
and 4.500-10.000 K at 2.5 THz. These data have not been corrected for the losses in the
signal path, which we estimate to be about 4-5 dB (beamsplitter, dewar window and
reflections at the air/Si lens interface).

Can we further improve the sensitivity? There must be room for if we simply
compare to the best result obtained in the waveguide mixers in our lab, that was 900 K
(uncorrected) at 700 GHz ®. In order to push the noise temperature further down, more
specifically the following aspects need to be improved. a) our Si lens does not have any
anti-reflection coating. This gives rise to a 1.5 dB loss due to reflections from the lens
surface; b) our dewar window is optimized for 2.5 THz. An improvement of about 0.4 dB
can be made in optimizing the dewar window for 0.7 THz; c) This particular batch is
produced on single-sided polished Si substrate. The backside has an RMS roughness of
about 20 um, being a considerable fraction of the wavelength. This can give a negative
contribution to the sensitivity measurement, but it is hard to be quantified; d) The bath
temperature of 3.2 K is still not lower enough.

6. Measurement results of a log-periodic antenna coupled HEB mixer designed for a
wide RF band

In this section, we will summarize the key measurement data from the log-periodic
antenna coupled device (IS 1_4 F3). The motivation to present such data has two folds.
1) this is one of very few devices in which we can perform systematic measurements
such as DC characterization, FTS, Y-factor and the gain as a function of bias with
different LO powers, and also IF bandwidth. For this device, we could in the end take the
SEM micrograph; 2) we see the correlation between the measured properties and its
geometric anomaly.
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Here are the key observations from this device:

e Resistance vs temperature curve has additional structure, differing from a well-
defined HEB device

e Un-pumped and in particular pumped IV curves differ pronouncedly from the
calculated curves using the electronic hot-spot model.

e The IF bandwidth has only 0.8 GHz, which is much smaller than 4 GHz, as
expected for a separation of cooling pads (300 nm) and the diffusion constant.
The relative conversion gain vs IF deviates from the Lorentzian behavior.

e For the optimized operation, this device requires a LO power of 100-150 nW,
which is 1.5-2 times more than a usual Nb HEB mixer. This suggests that LO
power is not only absorbed in the Nb between the cooling pads, but also the Nb
next to them.

Apart from those observations, we study the FTS response, which starts from 0.3 THz to
3 THz, confirming that it is indeed a wide band receiver. We also measure Y-factor and
thus DSB receiver noise temperature at 0.64, 1.9 and 2.5 THz. Those values together
with the mixer noise temperature and mixer gain estimated from the balance of receiver
losses are listed in table 3. Note these noise data are certainly not the best if we compare
them to the data given in section 5.4.

Table 3. The Y-factor and receiver noise temperature (DSB, uncorrected) of a log-periodic antenna
coupled Nb HEB mixer at three different frequencies. The estimated mixer properties are also given. Ty,
Gy , and G,y are the mixer noise temperature, mixer gain, and the gain of the optical signal path,
respectively.

f(THz) | Y-factor | Twe | T | Guu(dB) | Gou(dB)
0.64 0.35 2400 600 12,7 -6.8
1.9 0.13 6900 920 -11.8 7.1
2.5 0.10 8900 900 12 -9.0

7. Conclusions

In conclusion, we have designed and fabricated quasi-optical Nb diffusion-cooled
HEBMs to operate in the frequencies up to 2.5 THz. The IF bandwidth of the devices
with a 200 nm long bridge produced using the in-situ fabrication process is as high as
5 GHz. The best receiver noise figure is 1200 K at 640 GHz. Through the systematic
measurements we have confirmed that Nb HEB mixers in principle work and
demonstrated reasonably good performance. However, we emphasis that the detailed
fabrication process steps and also the device geometry can affect the overall performance.
Unresolved problems in our case are a good control over fabrication process with respect
to both reproducibility and yield.
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A Hot Spot Model for HEB Mixers Including Andreev
Reflection

Harald Merkel
Chalmers University of Technology , SE 412 96 Géteborg , Sweden

Abstract

A device model for HEB mixers is described that takes two additional effects into
account: Andreev reflection at the hot spot boundaries and critical current variations on
the bridge. This model is capable to predict IV curves even in the unstable areas with
acceptable accuracy. Based on these large signal results a more accurate small signal
expansion has been developed: In the framework of this model heating due to a small
signal current change acts differently from a small signal voltage change at IF.The small
signal model allows accurate predictions of the conversion gain and the mixer noise
including thermal fluctuation, Johnson and quantum noise.

Introduction

Hot spot models for HEB mixers have been proposed in recent years resulting in a
substantial improvement in HEB modelling and understanding of the device physics.
Such models require the solution of an one-dimensional heat balance. The occurrence of
a DC resistance and the device’s mixing capabilities are explained by the formation of a
hot spot, i.e. a normal conducting zone wherever the quasiparticles exceed the critical
temperature. Depending on the applied heating powers a certain temperature profile is
obtained on the HEB bridge resulting in a certain hot spot length. Applying a
superposition of a strong LO source and a weak RF signal results in a time-averaged RF
heating and in a small beating term oscillating at the difference frequency (IF). The
latter causes a tiny change of the hot spot length. This yields a small resistance change
at IF which creates small signal currents and voltages through the bridge and finally
gives rise to conversion gain of the HEB. Unfortunately none of these hot spot models
is capable to predict gain and noise simultaneously with acceptable accuracy without
introducing additional empirical parameters or by requiring parameter values being in
conflict with experimental results. A popular empirical parameter is the local resistive
transition width [1] assuming that the film smoothly turns normal around Tc. This
reduction of the resistance slope “helps” to fit the conversion gain but still too much
heating power is predicted. Required values for this transition are about 800mK whereas
experiments reveal some S50mK. For Nb the case is even worse [2]. There are strong
indications that some physical effects are not covered by a simple hot spot based device
model. In this paper two additional effects are discussed in order to explain at least part
of the discrepancies. These additional effects are due to critical currents and due to
Andreev reflection. Throughout this model, strong localization is assumed. This
applies to quasiparticle and phonon temperatures, the critical current and the
quasiparticle bandgap.

Critical current effects on the HEB bridge

In previous models a normal zone is formed wherever the quasiparticle temperature
exceeds the critical temperature. This holds only for zero bias current. Otherwise the
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normal zone is created wherever the bias current density exceeds the critical current
density which is the case at a lower temperature. In the framework of this model, a
reduced critical temperature is defined which corresponds to a critical current density
equal to the current density caused by the bias current.

Andreev reflection

In simple hot spot models the HEB bridge is assigned a temperature-depending lateral
thermal conductivity of exponential or polynomial form [1],[2]. Due to Andreev
reflection at the boundary between the hot spot and the superconducting rest of the HEB
bridge, only electrons which energy is large enough the overcome the quasiparticle
bandgap participate in heat transport. Andreev reflection provides good thermal
insulation of the hot spot. As a direct consequence the electron temperature within the
hot spot is now more or less constant. The electron temperature profile and the resulting
bandgap distribution is summarized in Figure 1:
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Figure 1: Schematic of a HEB bridge. The whole bridge is heated by RF, the bias heating acts only on the
hot spot where superconductivity is suppressed. The electrons are cooled by phonon escape to the
substrate and by outdiffusion to the pads. Outdiffusion is reduced by Andreev reflection at the hot spot
boundary.

Model assumptions

The HEB device model presented here is based on a set of assumptions. All parameters
used here are summarized in Table 1 at the end of the paper including typical values for
the calculations presented here:

1: Localization and immediate thermalization

The correlation length is of the order of the film thickness. All superconducting
parameters are localized. The film properties in vertical direction are homogenous.
Besides that one assumes instantaneous thermalization of the heating powers by
electron-electron interaction. Then electrons and phonons are described by effective
electron and phonon temperatures.
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2: Heating by superposition
The HEB is heated by LO power being the linear superposition of a local oscillator

(LO) signal and a weak RF source. This superposition results in a power deposited in
the HEB bridge at the intermediate frequency (IF) of the form:

P < 2P P

In time average the HEB bridge is heated by the mean value of the LO power and DC
power.

3: A model for the critical current density on the HEB bridge

Operating a HEB as a mixer requires a substantial bias current to be carried by the HEB
bridge. Therefore the superconductivity on the HEB bridge is suppressed wherever the
local critical current is exceeded. The theoretical temperature dependence of the local
critical current density j.(7,x) is given by Ginzburg-Landau theory [3]. Performing a
nonlinear best fit a simplified and more convenient relation is obtained (the parameters
are explained in Table 1):

J;(T,x)=Jc(0)~[1—¥T M

4

Here y denotes a best fit coefficient set to 0.408. For 7, ranging from 8.5K to 11.5K this
yields a more accurate model than the “usual” setting [3] of y=1.5 for low temperatures
and 0.5 for large temperatures. Solving (1) for the quasiparticle temperature, a
“reduced” critical temperature is obtained for voltage bias:

/4

4
0)- 4Ry

Tc,eﬁ",V(I/O’xO)=7:: )

~1|<T 2)

4

The results for the reduced critical temperature for voltage bias for a voltage of
Vy=0.8mV (1.0mV and 1.2mV) are summarized in Figure 2.
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Hot Spot Length x0[nm]

Figure 2: Reduced critical temperature for a bias voltage of V;=0.8mV (1.0mV and 1.2mV , the black
dotted curves) with a substrate temperature of 4.2K and a critical temperature of 8.5K.
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4: Aimost perfect Andreev reflection at the hot-spot boundaries

A hot spot is formed wherever the bias current exceeds the critical current. The
remaining parts of the bridge are in perfect Meissner state. The hot spot is heated by the
absorbed bias power and the uniformly absorbed LO power. The quasiparticles in the
hot spot are cooled by electron-phonon interaction and the heat is removed from the
film by phonon escape. At the NS interfaces Andreev reflection [4] determines the
amount of heat being able to leave the hot spot by diffusion. In the ideal case (perfect
Andreev reflection) no heat transfer will occur across the interface and the whole
cooling power is carried by the phonon path. In reality only the fraction of “normal”
electrons with the energy of the quasiparticle levels in the superconductor will be able
to carry heat across the NS interface. As a first order approximation we neglect the fact
that the quasiparticle bandgap opens slowly on a length given by the thermal healing
length and assume the bandgap to be its coldest value reached at substrate temperature
immediately. This is an acceptable assumption since we are only interested in the net
heat loss of the hot spot to the antenna pads — at some point in the superconductor all
electrons with energies smaller than the local bandgap will be reflected and only those
being able to overcome the highest bandgap will remove heat laterally from the hot
spot. The fraction of electrons transporting heat « across the hot spot boundary is
estimated using a Fermi-Dirac distribution function for the electron density ng(E) [5]:

o A7)
[n(E)iE kT ln[l +e* j ~A(T) ,
_ A — —
= B kTIn2 - Alr)= A{l } ©)

[ni(E)aE

0
Calculations show that typical values of the Andreev transmission for critical
temperatures around 10K and pad temperatures of the order 5K are in the range 1% to
10% providing good thermal isolation of the hot spot. It is important to note, that this
model assumes the antenna pads of the HEB to be in perfect Meissner state. Using this
model for HEB configurations with normal conducting antenna pads, the maximum
value of the quasiparticle bandgap needs to be changed appropriately. In the next
section, the hot spot size is calculated based on the previous model assumption by
approximating the solution of an one-dimensional heat transport equation.

Solving for the temperature and the size of the hot spot

The quasiparticle temperature on a hot spot of given (but yet unknown) length 2x, is
determined by an equilibrium between electron-phonon cooling Pp, RF and bias heating
and cooling due to net outdiffusion through the NS interfaces Pp. One obtains then [6]:

y?
P, + Ox
R, TO
BBy W @
0

The net heat loss due to heat conduction from a hot spot with temperature 7,4y is
determined by the gradient of the quasiparticle temperature between the hot spot and
the antenna pads:
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1
LV, Y\
T +T, (7"]y 1

A Ts+TceﬂV JCARNxO
P,o=2a-1- =2 T _op. ). (3)
4 (xo_L) xo'(xo_L)
For the electron-phonon interaction one is left with the “usual” expression [6]:
P, =o,(T"-T7) (6)

The power being transferred to the phonons heats the film phonons that is cooled by
phonon escape to the substrate. The heat transport by phonons in direction of the film is
neglected. Then a heat balance for the phonons becomes:

oi(r" -1 )= 0,1 -1 )~ 5 -0, (17 -T7) %
Inserting (7) in (6) and subsequently in (5) and (4) the temperature of a hot spot 7 for a
given length x, is obtained by:

1 y2
T +T (%J7—1 Po+—"

5o T ARy X, R,
S (1) 2a - L®
+0 xo'(xO—L) 2:xy-D-W

For (8) a closed form analytical solution is available. A typical result for the
quasiparticle temperature is shown in Figure 3. Note that with perfect Andreev
reflection (i.e. no diffusion losses) the hot spot will violate the boundary condition

under the antenna pads.
20

175 |
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Figure 3: Equilibrium temperature of a hotspot with variable length (for a device length of 2 x 200nm)
with 2% Andreev transmission (solid black line) and perfect Andreev reflection (dotted dark gray line)
together with the substrate temperature T and the critical temperature T..

Obviously the temperature in the hot spot (and therefore also at the end of the hot spot)
must be equal to the quasiparticle temperature required to break superconductivity for
the given bias current. From this the hot spot length is calculated. A graphical solution
for a single operating point is shown in the following Figure:
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Figure 4: Solving for a hot spot length at 0.3mV bias voltage and 100nW LO power. 7, is 8.5K and the
substrate is at 4.2K. The device length is 400nm, its width is 4um and the thickness is 50A.

Figure 5 shows a comparison between theory (thin and partially dotted curves) and
experiment (thick curves) for various LO powers. The topmost curve is obtained for no
RF heating at all and the lowest one for 300nW. The curves in between are obtained in
steps of 25nW. For the measured curves, the topmost is obtained at about 25nW LO

power and the lowest at about 300nW.

100 |
\unpumped

8

decurrent (uh
3

dc voltage(mV)

Figure 5: Measurement and theoretical results for the IV curve for a NbN HEB on MgO with the
dimensions 400nm x 4um x 55A measured at 2.5THz. The measured points are connected by thick gray
lines. The black curve is an unpumped curve, the light gray is pumped with about 300nW LO power
according to a standard isothermal method applied far away from the optimum point for large bias
voltages. The calculated values are obtained for 0nW up to 300nW LO power with a step size of 25nW.

Small signal model
The HEB mixer topology is shown in Fig. 6. It is similar to the topology from [7] where
the biasing resistor has been replaced by a large inductance serving as RF coil:
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Figure 6: Mixer topology for a typical HEB application — the inductance ensures proper voltage biasing
for choosing a proper DC operating point. For IF signals, the inductance poses an open circuit and the IF

signal is coupled to the load resistance by a DC block capacitor. @y denotes the intermediate frequency
i.e. the difference frequency between the LO and the RF signal.

In this model, the large signal relations are behave differently in current and voltage.
This is contrasted by older models [1],[7],[8] where only heating powers are considered.
Let us assume that the bolometer resistance given by the hot spot length depends on LO
heating power, bias current and bias voltage. Then the small signal resistance change in
the bolometer 75 is modelled by:

ry=Cy [Py -Py +Cyv-1,—Cji-V, 9)

From this, the power in the load resistance can be calculated and one obtains for the
conversion gain:

2
G P 2L Cr o (10)
Py (Ry+R,) - P C,R,-C,R, ’
R, +R,

Values for the conversion loss of a HEB and comparison with measurements are
indicated in Figure 7.

caleulated from messurement

25 e T
225
20
% 17.5
£
g 15 " :
§ theory
123 ..
8
10 i‘i}%{{g%}%ﬁg T opbraam operatyg poat
- e %
- :
75 %
%
o 2] ki 15 2 25 &

e wollageimyy
Figure 7: Calculated intrinsic conversion gain based on measurements (thick gray curves) and theoretical
results (dashed and dotted curves) for the intrinsic conversion loss for a NbN HEB on MgO with the

dimensions 400nm x 4um x 55A measured at 0.6THz. The measurement data have been obtained at an IF
frequency of 1.5GHz.
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HEB Noise
Noise in the HEB is caused by Johnson noise since the hot spot forms a resistor with a
certain temperature Trospo. The noise contribution at the mixer output 7, is given by

[91.[10]:

TJOut — 4RL ’RB 'TH;tspot . 1 (11)
(RB +RL) 1-12 CyR, —C/Ry

R, +R,
Any system of a given temperature with a given thermal coupling to a cold reservoir
and a certain volume exhibits thermal fluctuations [9] resulting in noise. For a hot spot
this results in [10]:

2
Tout — Ié RL . 1 X 67R . 4Th20tspot z.e,rela.x (12)
TF
(RB +RL)2 I_IgM aT T=Thotspor Ce .V._O
R, +R, L
A third noise contribution is caused by quantum noise [11],[12]:
ou R hv

TQ '=2G- (LOPﬁCSLOPtiCS4K |:i + 1i| - IJ : ﬁ (13)

Adding up all the contributions and transferring them to the mixer input, the DSB input
noise temperature 7j, is obtained [11]:

Tout + Tout + T + Tout X
7;;1 = Loptics = : 2 G = ¢ + (Loptics - 1) hh‘: B (14)
anpthS _ 1

b Lo : E ¥ 4
: P! Vo - ey
1400 | |1 . - . R

Results for the DSB receiver noise temperature are summarized below:
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Figure 8: Measured receiver noise (thick gray curves) and theoretical results (dashed and dotted lines) for
the DSB receiver noise temperature for a NbN HEB on MgO with the dimensions 400nm x 4um x 55A
measured at 0.6THz.

The noise measured at the IF output of the HEB is a collection of the warm load at the
input T;, of the HEB collected in both sidebands, the fluctuation, Johnson and quantum
noise contributions and the contribution of the optics losses at a given temperature of

the optics:
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Ty =T - 2G + T + T2 + T3 +(L, s — 1)}’,:7'3 2G (15)

KT, opties 1

Results for the output noise temperature is summarized below for the same device as in
Fig. 5.
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Figure 9: Measurement (thick, gray curves) and theoretical results (dashed and dotted lines) for the output
noise temperature for a NbN HEB on MgO with the dimensions 400nm x 4um x 55A measured at
0.6THz.

Conclusion

A HEB model including critical current effects and Andreev reflection at the hot spot
ends together with a small signal model where heating due to RF, IF currents and
voltages is treated differently improves the quality of performance predictions by HEB
device models substantially. In addition complete relations for the quantum noise in
HEB receivers are now available (c.f. the contribution of K.S.Yngvesson and
E.L.Kollberg in this issue) and have already been introduced in the model presented
here. The model describes IV curves with satisfying accuracy and yields reasonable
conversion gain and noise figures within the accuracy of the measurements. The device
model has been successfully tested on various NbN HEBs with different geometries
ranging from 120nm x 1pm to 400nm x 4pum. More tests on NbN on a larger geometry
range and HEBs based on other materials have to be done to yield conclusive results
about the overall model quality.

Model Parameters

Parameter Description Value used for model calculation

A Film cross section A=D-W

o Transmissivity of the s-n interface due to leaky| ¢ ~ 0.02 typical
Andreev reflection

B RF antenna bandwidth B =500GHz
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C Electron thermal capacity W
g C, =1600 " atT,
m
C, HEB resistance change due to a small current change R, axo
at IF =¥ 70
I .
2L ' VO al P, p=const,v=const
C HEB resistance change due to a small change of the
7 RF heating power at IF g = R—N . Oy
2L aPLO v=const j=const
C, HEB resistance change due to a small voltage change R, ox,
at IF =N 70
v
2L-1 0 v Py p=const i=const
D Film thickness D=354
) Phonon to electron efficiency ratio 50~02
A(T) Quasiparticle bandgap as a function of quasiparticle
temperature
A, Quasiparticle bandgap extrapolated to 0K A, =800GHz
G Conversion gain of the HEB
V4 Exponent in the temperature dependence of the| y =(.408
critical current , obtained by best fit to Ginzburg-
Landau expression
h Planck’s constant
I, Bias current (DC) across the HEB bridge V,
I, =—
0 R,
i Small signal current (IF) across the HEB bridge
Jj (T, x) Local critical current density , function of
¢ quasiparticle temperature
Jj (0) Maximum critical current density at 0K, related to I
¢ maximum critical current by division by bridge cross | j, = —— I, =160 A
section D-w
k Boltzmann’s constant
A Lateral thermal conductivity 11 W
 Km
y) Lateral effective thermal conductivity across the s-n
k4 boundary
2.1 HEB bridge length (Length between the pads ,| [ =200nm
contact zone under the pads not taken into account)
L,, Loss of the optics at room temperature L. =13
optics optics
L, ik Loss of the optics at cryogenic (substrate) temperature | 7 ek = 1.7
optics optics
m Exponent for the temperature dependence of phonon | ; = 4.0
escape
n Exponent for the temperature dependence of electron- | = 3.6
phonon interaction
v RF frequency v = 1600GHz
P, Power leaving the hot spot by electron diffusion
p Power absorbed by the HEB at the intermediate
- frequency
P, Power delivered to the load at IF
P, Local oscillator power absorbed by the HEB variable
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P, Power leaving the hot spot by phonon cooling
P, RF signal power absorbed by the HEB
7 Small signal HEB resistance change due to IF beating
B
R, Resistance of the HEB in the operating point
R, Load resistance R, =50Q
R, Normal resistance of the HEB bridge (at 20K) R, =65Q
R Antenna impedance (Real part) R, =100Q
o, Electron-phonon cooling efficiency C
_ e
E 2.6
3.6T7,,,
oy Phonon escape efficiency oy~ 00,
r Electron- phonon interaction time constant 1
ep =8GHz
Te—> p
r Electron energy relaxation time constant 1
e, relax =5GHz
2-e,relax
T(x), T | Local quasiparticle temperature
T . Hypothetic hot spot temperature, where heating and
equilibrium .
cooling powers are equal
T Critical temperature of the HEB bridge T =85K
4 4
T Reduced critical temperature due to critical current
o’ effects under current bias conditions
T Reduced critical temperature due to critical current
ot effects under voltage bias conditions
T Hot spot temperature in a given operating point
hotspot
T Noise temperature constribution of the IF amplifier T,=7K
T Noise temperature at the input of the receiver, DSB
" receiver noise temperature
T out Noise temperature at the output of the mixer due to
/ thermal (Johnson/ Nyquist) noise
T, Room temperature in the surrounding laboratory T, =292K
ai ai
Tp Temperature of the phonons in the hot spot
T out Noise temperature at the output of the mixer due to
0 Quantum noise
T Substrate temperature under the HEB bridge T =45K
s N
T out Noise temperature at the output of the mixer due to
" Thermal Fluctuation noise
V HEB bridge volume V=DW-L
14 Small signal voltage (IF) across the HEB bridge
vV Bias voltage (DC) across the HEB bridge variable
0
2-x, Length of the hot spot
W Film width W =4um

Table 1: List of used parameters with their abbreviations and model values for the calclation presented in the paper
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The sensitivity and IF bandwidth of waveguide NbN
Hot Electron Bolometer mixers on MgQO buffer layers

over crystalline quartz
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Natalia Kaurova, Konstantin Smirnov, Boris Voronov, and Gregory Goltsman

Moscow State Pedagogical University, 1 M. Pirogovskaya St., Moscow, 119891, Russia.

We have developed and characterized waveguide phonon-cooled NbN Hot Electron
Bolometer (HEB) mixers fabricated from a 3-4 nm thick NbN film deposited on a 200nm
thick MgO buffer layer over crystalline quartz. Double side band receiver noise
temperatures of 900-1050 K at 1.035 THz, and 1300-1400 K at 1.26 THz have been
measured at an intermediate frequency of 1.5 GHz. The intermediate frequency bandwidth,
measured at 0.8 THz LO frequency, is 3.2 GHz at the optimal bias point for low noise

receiver operation.

Introduction

Receivers with large intermediate frequency gain bandwidth are very important for
practical radio astronomy applications. This is especially true for the observation of distant
galaxies, where spectral linewidths are large. Furthermore, when a low power solid state
source is used in conjunction with a Martin-Puplett interferometer (MPI) to couple signal
and local oscillator (LO) to the mixer, it is desirable to operate at relatively high
intermediate frequency (IF) to maximize the usable IF bandwidth.

In the past decade the hot-electron bolometric (HEB) mixer has emerged as the
mixer of choice for low noise heterodyne receivers operating above 1 THz.!* The strong

need for sensitive, broadband receivers operating at THz frequencies for ground based, air-
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and space borne observatories, has helped to stimulate the development of HEB mixers,
and rapid progress in their development has been made.'*>

Quasioptical NbN HEB mixers integrated with a planar antenna typically employ
Si, MgO, or sapphire, as the substrate material. Using a thin 3 nm thick NbN film these
mixers exhibit high critical temperature 9-11 K, and relatively good acoustic transparency
to the substrate.>* As a result, wide IF bandwidths, up to 5 GHz have been reported.’
However, it is considerably more difficult to optimally couple the emergent beam of the
planar antennas to a telescope than to couple that from a scalar feed, typical of waveguide-
based mixer.

Due primarily to its low dielectric constant, and ease of processing and handling,
traditional waveguide-based THz mixers employ quartz as the substrate of choice.
However, for phonon-cooled NbN HEB mixers made from 3-4 nm NbN film deposited
directly on crystalline quartz, the IF bandwidth is limited to about 2 GHz.?

It has been established that in NbN HEB mixers the electron energy relaxes through
interaction with phonons that escape from the film to the substrate. Consequently, the IF
bandwidth is a function of film parameters, the thickness d, critical temperature 7., and
acoustic match, ¢, between film and substrate. In the past few years a systematic study of
phonon-cooled HEB elements based on film deposited on silicon and sapphire substrates,
has shown that phonon escape time (z.) is equal to 12d ps/nm,* and for MgO substrates a
phonon escape time of 6d ps/nm has been established.®

In order to increase the IF bandwidth of waveguide-based HEB mixers, we have
investigated the use a buffer layer which may improve the acoustic match between the NbN
film and the crystalline quartz substrate. Since MgO has the same crystalline structure as
the NbN film,” a number groups have reported on the use of MgO as a buffer layer for Si,
sapphire,*’ and quartz'® substrates. The introduction of a MgO buffer layer could
potentially improve the acoustic match between the film and substrate material and then
reduce 7,5 oc d/c. In this paper, we report on the experimental results of sensitivity and IF

bandwidth of NbN based HEB waveguide mixers with MgO buffer layers.
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The mixers elements and experimental setup

In our experiments we used mixer elements made from high purity 3-4 nm thick
NbN film. The NbN films are deposited using reactive magnetron sputtering in an argon-
nitrogen gas mixture on a 200 nm thick MgO buffer layer deposited on top of a z-cut
crystalline quartz substrate. The critical temperature (7,) of these films is about 8 K and the
transition width is about 0.8 K. The films are patterned by optical and e-beam lithography
to give 1-2 um wide single bolometric elements. The 80-150 nm long mixer elements are
formed across two overlaid Au-Ti electrodes, which also act as coupling antennas to the
waveguide. After deposition, the wafer is first diced into small blocks about 5 mm square,
which are then lapped and polished to a thickness of 30 um for 0.6-0.8 THz operation, and
23 um for 1-1.26 THz operation. The blocks are then diced into individual HEB mixer
chips: 120 um wide x 2000 pm long and 90 um widex1500 um long for 0.6-0.8 THz and
1-1.26 THz operation respectively. We have tested devices with normal-state resistance,
Ry, between 80 and 170 Q, and critical currents between 110 and 160 pA.

For tests, the individual mixer chips are mounted into a suspended microstrip
channel across a reduced-height waveguide mixer block. The block is installed in a liquid
helium dewar and signal input to the mixer provides via a corrugated waveguide feed horn
and a 90° off-axis parabolic mirror.

For our measurements we are able to provide sufficient LO power using a solid-
state LO units, which generally consist of a Gunn oscillator followed by two stages of
frequency multiplication. These units allow us to make measurements continuously from
1.017 to 1.035 THz and at 1.267 THz, and deliver 5-7 uW and 2 pW respectively. The
beam from the LO assembly is collimated using a 90° off-axis parabolic mirror, a MPI
positioned in front of the cryostat window is used to combine signal and LO at the cryostat
input.

DC bias is applied to the mixer via the third port of a circulator inserted between the
mixer and a low noise cryogenic HEMT amplifier. After a second stage of room

temperature amplification, the IF signal passes through a 100 MHz wide bandpass filter,
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Fig.1 The I-V curves of the HEB mixer at the operating point with and without LO
drive at 1.035 THz Also shown is the IF output power in response to hot (295K) and
cold (77K) loads placed at the receiver input. The optimal bias point is shown by the

open circle, and the measured Y factor is 1.2.

centered at 1.5 GHz, to a calibrated power meter which is used to measure the IF power

output.
Experimental results and discussion

The current-voltage characteristics of one of the devices with and without LO power
at 1.035 THz are shown in Fig.1, the receiver output in response to hot and cold loads is
also shown. Optimal sensitivity is achieved at a bias voltage of 0.7 mV and a bias current of
23 pA. At this operating point the measured receiver noise temperature is about 1000 K,
and the conversion efficiency is estimated to be -14 dB. From the figure we see that the
noise performance and the mixer conversion efficiency go down strongly towards higher
bias voltage. In our measurements the mixer was not influenced by direct detection: the

bias current change in passing from a cold to an ambient input was less than 0.2%. The
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Fig.2. Spectral response of the HEB mixer measured by FTS in direct detection mode
(solid curve) and heterodyne mode using Y-factor method (triangle points) as a function

of frequency.

receiver also demonstrates reasonable amplitude stability, and output power fluctuations are
less than 2% over a 15 min time interval.

In addition to heterodyne measurements, we have also used the Fourier Transform
Spectrometer (FTS) to measure the spectral response of the same mixer. In this case the
mixer was operated as a direct detector at an elevated bath temperature. The operating bias
point was set at the same as for heterodyne operation, even though the general shape of the
response was found to depend only weakly on the bias point. The FTS response is shown in
Fig.2, solid line. From the graph we estimate that the input bandwidth is about 400 GHz.
The dip around 1.15 THz might be explained by a strong atmosphere water absorption line.
Other mixers have been measured using the FTS, they all demonstrate a similar bandwidth,
however the center frequency shifts, by ~10%, depending on the length of backshort and
the detailed layout of IF filter. The measured Y-factor from heterodyne measurements, as
function of LO frequency, is also shown in Fig.2. There is reasonable correlation between

the direct and heterodyne responses. For example, in general the measured receiver noise
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Fig.3. IF bandwidth measurements at fio =0.8 THz for different bias voltage operating
points at constant LO power level. Optimal noise performance is obtained at 0.7 mV bias.
Data points are fitted to the curve 1/[1+(fw/ f3a8)*]. Arrows indicate fsqg for the different

curves.

temperature is approximately 1K/GHz, which is comparable to that of HEB mixers, which
are based on NbN film directly deposited on crystalline quartz.> The measured Y-factor at
1.26 THz LO frequency was 1.16, which corresponds to noise temperature of about
1300 K.

IF bandwidth measurements have been performed at an LO frequency (fio) of
around 0.8 THz. The receiver output as function of IF for one of the mixers is displayed in
Fig.3. The experimental data are fitted to 1/[1+(f/ f3a8)’], where fsag is the 3dB cut-off
frequency. At the optimal bias setting for low noise performance, 0.7 mV, f3qp is about
3.2 GHz (curve 1). This is significantly higher than the IF bandwidth of HEB mixers with
no buffer layer.” Curves 2 and 3 are from measurements at bias voltages of 1.4 and 2.8 mV
respectively, with the same LO power as at 0.7 mV bias. At high bias, 2.8 mV, the fitted
f3as strongly increased up to 8.8 GHz, confirming results reported by others groups. >''

Although high IF bandwidth can be obtained at high bias voltage, figs. 1 and 3 clearly
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demonstrate that this is obtained at the expense of noise performance and conversion
efficiency. Furthermore, there is a fundamental instantaneous bandwidth limit, which is set
by the electron-phonon interaction time 7.4, which has been measured for thin NbN films

12
as

To_ o =500-T 7 ps],

where T is physical temperature in Kelvin. At 7,=8 K, this equation yields 7., ~ 18 ps
which corresponds to 3dB cut-off frequency of about 9 GHz. If thin NbN films can be
made with 7, approaching the bulk value then it may be possible to have low noise
heterodyne operation with instantaneous bandwidth in excess of 20 GHz using NbN thin
film technology.

In conclusion, the employment of a MgO buffer layer has allowed us to increase the
IF bandwidth of NbN waveguide HEB mixers without degrading their noise performance.
Specifically, we have extended the IF bandwidth of our NbN HEB mixers to 3.2 GHz.
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Abstract

In this paper we discuss the quantum limit of bolometric mixer receivers. The importance of
the optics attenuation is emphasized. Based on a simple bolometer model we predict that the
system and receiver quantum noise limits referred to the input of a double-sideband hot-
electron bolometer mixer receiver are, respectively, 2(hfB) and 1(hfB). The quantum limit to
the DSB receiver noise temperature is Af/2k, in agreement with what has previously often
been assumed. We suggest that an image-rejection single-sideband version of the HEB mixer
would have a system quantum noise limit of 1(4fB). We also suggest that at a frequency of
several THz the quantum noise may indeed be responsible for about half the total receiver
noise temperature in a typical HEB receiver system.

1. Introduction

Quantum noise is the well-known ultimate limiting noise of any receiver system and has been
treated by many authors [1, 2, 3, 4, 5]. Essentially, a perfect receiver will at the output show
fluctuations even if the input is just terminated by a matched load at zero Kelvin. Referred to
the receiver input, this output noise power fluctuation is equal to (AfB). Of course, quantum
noise is of particular importance at THz frequencies. For example, the minimum quantum
noise power corresponds to a noise temperature of 48 K at 1 THz.

In this paper we discuss how to analyze the noise performance (including quantum noise) of
a THz receiver, which has optical coupling losses, as well as a lossy circuit between the
antenna and a Hot-Electron Bolometer (HEB) mixer. Experimental HEB mixer receivers
have been described as having total DSB receiver noise temperatures of the order of ten to
twenty times the quantum noise limit, defined as Af/2k (see e.g. [6,7]). Using a simple model
we predict in this paper that at the higher THz frequencies (about 5 THz) as much as one
half of the receiver noise temperature may be traced to the quantum noise.

2. Quantum noise from the input circuit

The total noise power from a matched load including the quantum-noise equivalent power
according to Callen-Welton [1] is
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h h h
PCW(T(’))szB-i_%B:PPIanck(T(’))-FTfB (D
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Referring to Fig 1, this is the noise “power” from a source delivered to a matched load.
Notice that even if 7,=0, the source will radiate a noise power of (hfB)/2. Since this power
will be radiated as well by the load at zero Kelvin this means that the quantum noise part,
(hfB)/2, cannot be extracted as a real power [3].

E e s
R | ][RR
i source i < E load E
. PerlToud |
i e E
Source + Load !

Fig. 1. Noise from a matched load (i.e. “Source”) according to Callen-Welton [1]

The noise power of Eq. (1) can be transformed into an equivalent noise temperature

A

LL ) L @)

+= =P (T} +—
[Planck( 0) 2 kB

However, it is most convenient to perform our calculations in terms of noise power, and
then convert this to noise temperature as the final step.

3. System noise vs Receiver noise

In order to analyze the bolometer mixer receiver, we have to make clear the difference
between System (7,,,), Receiver (Tx.), Mixer (7,.,) and IF amplifier (7;z) noise (see Fig.
2).

In the System noise is included the noise power from the source (Rspyurcc), Which is
[Prianci Tsource)thfB/2] at each sideband. Concerning the minimum System noise
temperature for a mixer receiver, references [2,3,5] are in agreement with the following
statements:

For a linear amplifier and for a mixer used in SSB measurements, using either SSB or DSB
receivers, the minimum system noise temperature is hf/k.
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For broadband continuum measurements using a DSB receiver the minimum (DSB) system
noise temperature is hf/2k.

The Receiver noise does not include the noise from the source. It does, however, include
noise from the optics, the mixer and the IF amplifier. The mixer noise is generated in the
bolometer at both RF and IF. Until now only the contribution from the IF side (Johnson
noise and thermal fluctuation noise) has been included as shown in all standard treatments of
HEB noise [8,9].

SYSTEM

RECEIVER

L
ptics | s hf/2k J;'I;,Load Image
— " optics Load

1
1
1
1
1
1
1
1
1
: MIXER IF —| >l
1
1
T
1
T
1
1
1

I;,Saurce ¢
Source °

\l Loptes |— npe $Rw Signal
optics T Load

Fig. 2. Definition of Mixer, Receiver, and System.

4. The noise introduced by the optical losses

To analyze the noise from the optics we first consider one channel only (upper or lower
sideband). The optics circuit is represented by a two-port matched to both the antenna and
to the receiver (Fig. 3). We will now let the “Load” in Figure 1 represent one sideband of
the mixer; specifically the mixer terminals are the terminals of an antenna, which couples the
input optics quasi-optically to the mixer. The optical circuit introduces an attenuation Lepics
and has the physical temperature Toprics. If Tsource=Toprics the noise power transmitted to the
mixer (P;) must then be identical to the noise power PcyATsouce) from the source. The
situation is described in Fig. 3

Mixer, onei
sideband -

R =R .

opiics Load * “sourca
1
'
T, Load _0 K H
1
'

optics

_______________

Fig. 3 A simplified model circuit for a THz mixer receiver, one sideband.
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Next consider Tsource? Toprics- Then referring to Eq. (3) below, the contribution to P;, from the

source is Fry' (T,,e.) 1/L,,,., Whereas the contribution from the lossy two-port must
be PP"(T,,.0s) (1= 1/L,,,., ). Adding these, we have:

1
optics
+P ’ ( opttcs) LI_L =

optics

source
P _PCW ( source)

optics

1
= P Planck (T;ource ) ' L_ + P Planck(]:)ptics) ’ [1 -

‘optics

3)

1|, w8
optics 2
As expected, the ideal receiver still receives the same quantum noise equivalent power of

(hfB)/2. Adding noise power from the “load” itself, P, (including all mixer and IF
contributions) the total noise power entering the “load” is:

1
IDtotal,in = z . P Planck( source)+P Planck( opttcs ( ‘optics 1)+ opttcs +Lopttcs Load (4)
optics

The noise power within the parenthesis [ ... ] is the total noise power referred to the source.
To determine the receiver noise referred to the source, we measure the Y-factor in the
ordinary way by using two physical temperatures of the source, 7y, and T¢,y. The Y-factor
is measured as
PHOt.
Y= (5)

total,in

where

0 hfB h/B
Eﬁalt,in = {PPlanck(THot) +=— 2 }+ PPlanck( opttcs) ( ‘optics 1)+ (Loptt'cs - 1) 7 +Loptics : IDLoad (6)

and

0 /B hfB
IDtg;aIZin = {P Planck(T Cold ) +=— 2 }+ P Planck( opttcs) (Lopttcs 1)+ ( opttcs ) T + Loptt'cs : IDLoad (7)

We obtain the receiver noise temperature as

h/B | T _y. oM
T;tec ={(PPlanck( 0pttcs)+ J (Lopttcs 1)+ Lopttcs PLoad} k_B TCW (8)

If there is no attenuation in the coupling circuit, i. e. Lyi—=1, the quantum noise
contribution to the receiver noise temperature

P ON,Rec = {L optics -

i} 22 ©)

disappears. This term includes only the quantum noise (QN) contribution from the optics

and not the QN from the source (hot and cold loads). In reference [4] it is argued that the
QN should be referred to the source and not to the receiver. However, in this case when
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optics losses are part of the receiver we need the QN contribution from the optics according
to Eq. (9) in order to meet the requirement that the “receiver” should see a matched source
emitting QN of (hfB)/2. So far we have also not considered the QN from the bolometer
itself.

5. RF noise from the bolometer

Let us first try analyzing RF noise generated in the bolometer itself. The device in the hot-
electron bolometer (HEB) mixer is essentially a temperature dependent resistance, which
should add noise not only at the IF, which has normally been assumed, but also at the input
frequency.

Since we assume that the RF frequency is well above the superconducting bandgap
frequency in the entire bolometer, the bolometer should appear uniformly resistive to the RF
power. However, the IF resistance change for a small change in RF absorption is not
necessarily the same along the bridge. In Fig 3 an approximate model accounting for such a
situation is described by two resistances (compare Merkel et al.[10]). Rp represents the
passive RF resistance zones of the bolometer, and R, the zones, which are actively
converting RF power to IF power. We expect that we can use Eq. (1) to predict the amount
of RF noise produced by any part of the bolometer. Only the active zones of the bolometer
convert RF power (including noise power) to the IF, however, and we must therefore
consider the active and the passive zones separately in our noise analysis. The passive zones
are not only the central Hot-Spot zone, but also the zones between the hot-spot and the
contacts that are superconducting and have essentially zero resistance at lower frequencies.
The active zones are located at the transition from the central hotspot to the “low
frequency” superconducting regions. Adding these two resistances together we get
Rp+R, =Ry, 1. e. the normal resistance of the device.

I

I

I

I

I
__________ I
1 .: (] | 1
I 1 1 1 I
I : \/1\4\/\’ " ! I
I 1 1 f I

| P [ | '

1 1 R 1 |R 1
1S s : Passive zone ' | 4 | 1
1 I , |
I L : : I
! /! ' Active zone: !
| Input ' ) ! |
I npu L T I
! circuit : : Bolometer !
__________ e

Fig 4 Equivalent circuit of a receiver including noise sources of Rp and Rs. Concerning the
noise contribution from R, see the text below.
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Referring to Fig. 4, noise currents are obtained as
(i) (i}
kz ‘R =Py (T) \E ‘Rp = Poy(T,) (10)

where Pcy(Ts) etc. are the Callen-Welton noise powers according to Eq.(1). The thermal
noise generated by R, and dissipated in R, is calculated by dividing R, into a large number of
series coupled elements AR, ( Z AR = R,), which each contribute the same amount of noise

2 . . . .
current i, in the circuit viz.

Ol
(TAJZ'ARA =Pey(T,) (11)
The currents is, i» and all the (dis)° are completely uncorrelated. The noise current i, g

generated in the circuit by is and consequently also in the active part of the bolometer, R 4, is
determined from

2
2 o R
ZA,S - lS (RS +RP + RA) (12)

A similar noise current contribution is obtained from Rp as well as from R, (the latter
obtained as a summation of all contributions from AR,). Each resistance in Fig. 4
contributes to the total noise current in the circuit and delivers noise power to R,. Any
signal from the antenna, which reaches the active zone of the bolometer, will mix with noise
in the active zone. In particular, the local oscillator signal will mix with the RF-noise and
produce noise power at the IF output.

We obtain the total noise power dissipated in R, as
4R,
(R +R,+R,)

[Py (T)- R+ Py (T,)- R, +Po(T))-R,]  (13)

Rot,A =

Considering that the bolometer mixer has two sidebands (Fig. 2) we notice that Eq. (13)
applies to each sideband separately. It can be pointed out that Eq. (13) can also be derived
using resistances in series with voltage noise sources v’ =4R- P, with the same result.

Let us investigate the case when the bolometer is matched at the RF, i. e. Rp+R,=Rz=Rs. We
obtain

R.R R.R R,R
P =PCW(TS)'JRZ_A + Pey(Tp) - PRzA +PCW(T:4)'$ (14)
s s s

which for the quantum noise part yields
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W8 (15)

S

- _(RSR“MA+ thB

o4\ R R: R: 2

Referring this noise to the bolometer input terminals, we multiply (15) by R¢/R,, and
obtain

Fonm =h/B (16)

for each sideband.

Notice that the quantum noise contribution according to Eq. (16) is AfB and not (hfB)/2.
The reason is that the bolometer resistance(s) contribute with (4fB)/2 and the source another

(hfB)/2.

We conclude that in this model the bolometer itself contributes to the receiver RF-noise with
Py (T.) = Py (T, )+ (fB) /2 = (hfB) /2 (17)

in one sideband. In (17) we have introduced the physical temperature of the bolometer,
which is close to T, the critical temperature of the superconductor. At THz frequencies and
T~=10K Ppinc(T,) can be neglected.

It is reasonable to assume that there is no correlation of the noise in the two sidebands what
so ever. Hence the noise to be downconverted from RF to IF originates from the two
sidebands and thus is twice the noise we have considered so far. In this matched case the
total QN at the bolometer input is 2AfB. This noise is to be added to the noise of the mixer,
i. e. at the input of the bolometer we have,

2hf o
T:S‘isStB = 7 + Liifv.loss : ( mzxizr IF) (18)

SSB
Lconv loss

where is the internal SSB conversion loss of the bolometer, i. e. the loss counted
from the bolometer input terminals to the IF output. T"“’ miver) T€presents the noise output
power from the mixer, which is due to Johnson noise and thermal fluctuation noise, and
originates in the bolometer itself. Further, 7; is the noise temperature of the IF amplifier.

Since half of 2hf7k comes from the bolometer itself and the other half from the source, we
have

T;{SSB SSB ( out + ]-}F) (19)

ec C onv.loss mixer

The DSB noise temperature becomes half of the SSB noise temperature.

Adding the influence of the optics attenuation, which is assumed the same for both
sidebands, and referring the noise temperature to the input of the optics, we get

1 h
J}ZZSB =Loptt'cs 2[ + ijfv loss ( nf:eir + T}F )J (Lopttcs 1) ( ol;lt[::sc * + %{ ] (20)

Since each sideband produces the same amount of noise power, the double sideband noise
temperature becomes half the single sideband noise temperature. The SSB noise
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temperature is again twice the DSB noise temperature. Adding the two quantum noise
terms, we can write (20) as

1) (A 1 -
R?fB ( ‘optics 1) ( ol;ltltzcr‘lsc ' )+ [Loptics - EJ [%J-'_ Loptt'cs Liiiv loss ( mzxf’r TI"F ))(21)

6. Comparison with experimental noise measurements

In a typical system, some optical losses are at roughly room temperature (“Lf;fgcs”), and
some at 4 K (“L” ). Then we find,

‘optics

SSB
TDSB 300K -1 T300K L300K 4K _ hf + out L v, . L300K 4K _
Rec — optics Planck ‘opticsoptics muer 2 ‘optics—optics — (22)

T3°°K+T v+ T

optics Rec.mixer

Tor . 1s the “Planck Temperature” of the optics. At low frequencies, this is simply the
physical temperature (300 K or 295 K), but at THz frequencies we use the Planck formula
to find the actual “Planck noise power” and equate that to k7,.,B. We can neglect the
Planck Temperature for components at 4K.

In an experiment performed by the Chalmers group at 1.6 THz [11], it was estimated that
L™ due to a mylar beam splitter and a polyethylene window was 1.1. Losses at 4 K due to

opttcs
a Zitex thermal filter, the silicon lens (with a parylene matching layer), and the antenna were
estimated to be 1.33. The total optical loss was thus 1.44. For this mixer the measured 7, DSB

was 800 K . It was also estimated that 77" =54 K, 7;= 6 K, and L =124 dB, by
calibrating the IF system through further measurements in which the HEB device was
brought to the superconducting state (a standard method). The bolometer was close to being
matched to the antenna impedance. Here, L. ,  includes all loss effects (SSB) in the HEB

from the THz antenna terminals to the IF terminals. We can now estimate all three terms in
Eq. (22)

TP% =40 K +70 K + 690 K = 800 K (23)

Rec

We then see that even at such a moderately high frequency as 1.6 THz, about 14 % of the
receiver noise temperature is due to the optical loss at 300 K (T3Off ), plus the quantum

noise (Tgy). The part of the receiver noise temperature traceable to the QN is about 9 % of
the total receiver noise temperature. Note that without this more careful analysis of the QN
term, a typical statement would have been “the quantum noise limited noise temperature at
1.6 THz is hf/2k = 38 K, or about 5 % of the total receiver noise temperature”.

The fraction of the receiver noise temperature due to QN is expected to become greater as
the frequency is increased, as we will show below. In estimating the receiver noise
temperature at higher frequencies, we make the following assumptions:

1) The optical losses increase linearly with frequency
2) The intrinsic conversion loss does not depend on the frequency
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3) The mixer output noise temperature does not depend on the frequency

Assumption 1) agrees with estimates in [9] and [10]. Assumption 2) is reasonable based on
our present knowledge of HEB models, but has not been carefully tested in experiments. It
can be tested through direct conversion loss measurements, which we are planning to
perform with two laser sources and/or a laser LO and a sideband generator. Assumption 3)
has been verified in at least a few experiments [7,11] and appears to be true for typical NbN
HEB mixers.

Figure 5 now shows calculations of 7.  for a matched HEB mixer as a function of
frequency up to 10 THz, based on an extrapolation of our measured data at 1.6 THz, and
using the above three assumptions. The calculated curve is reasonably consistent with other
measured data on the same device at 2.52 THz (1}353— 1,500 K [11]). The top curve is the
total receiver noise temperature, the next one down the QN term (term 7Tyy in Eq. (22), and

the smallest term the noise due to optical losses at room temperature (term 7.~ in Eq.

optics
(22)). Note that the QN term rises much faster with frequency than the room
temperature optics loss term, and that it approaches 50 % of the total receiver noise
temperature.
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Fig. 5. DSB receiver noise temperature and the contributions from optics and quantum
noise.

The question naturally arises: Can we distinguish the two main terms Toy and Trecmiver
through experimental measurements? There is a fundamental difficulty with doing this due to
the fact that both terms depend on the optical losses in almost the same way; the minor
difference being that a factor of 1/2 is subtracted from the optical losses in the QN case. It
would be important to attempt to measure L. ~ at different LO frequencies

independently, in order to determine the relative size of Toy and Trecmive The RF power
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from a sideband or laser source actually absorbed in the bolometer can be measured by the
isothermal method, and together with a measurement of the IF power will yield the
conversion loss based on absorbed power. There is a difference between the absorbed RF
power in the bolometer, and the power delivered to the bolometer terminals, however, as is
clear from the earlier discussion and the equivalent circuit we have assumed (see Figure 4).
The above measurement therefore does not yield L. as used in our receiver noise
temperature calculations. Measuring the conversion loss based on absorbed power at
different LO frequencies would still allow us to test the important assumption 2) above, if
one assumes that Rp/R, does not vary with frequency. An absolute conversion loss
measurement requires calibrating the RF power which reaches the bolometer terminals. This
test is more difficult to perform accurately, but should also be attempted. It will also yield
data on the frequency-dependence of the optical losses.

7. Discussion and Conclusion

We have analyzed the contribution of quantum noise to the system and receiver noise
temperatures of THz HEB mixer receivers. The basic model we propose, and the corner
stone of our analysis, is that HEB devices appear uniformly resistive to the THz radiation,
once the radiation frequency is above the superconducting bandgap frequency. It then
appears that the Callen-Welton version of the fluctuation dissipation theorem [1] is sufficient
to describe the quantum noise aspects of the bolometer. The quantum noise in the bolometer
resulting from the input source (the “vacuum fluctuations™), and the bolometer itself, is
down-converted to the IF. No further noise sources are assumed on the RF side of the
bolometer, or for the actual down-conversion process. These assumptions appear similar to
those made by Kerr et al. [3]. Specifically, these authors discuss quantum noise in SIS
mixers, with contributions from (1) the input source (Rsin our paper), and (2) the quantized
shot noise in the SIS junction, which is down-converted to the IF. No further quantum noise
due to the down-conversion process is assumed. Since our present understanding of PHEB
models has led to the conclusion that the bolometer has a substantial passive zone, as well as
an active, frequency-converting zone, we have analyzed how noise contributions from these
different zones contribute to the total noise. We find that the division of the bolometer into
one active and one passive part does not affect the contributions of Planck and quantum
noise from the bolometer; rather, it is the total resistance Ry that matters. Of course, the
ratio R«/Rp affects the conversion loss L., and therefore the receiver noise contributions
related to 7°,,;..r and T [10]. We have also used the Callen-Welton theorem to analyze the
contributions to the receiver noise temperature from the optical components preceding a
quasi-optically coupled bolometer. The overall conclusion is that, given the present level of
performance of THz HEB receivers, we predict that close to 50 % of the total receiver noise
temperature may be traced to quantum noise phenomena, for frequencies in the 5-10 THz
range. This represents a larger fraction of the total noise than has previously been claimed.
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The first two terms in (22) also have an effect on receiver noise bandwidth measurements,
an estimated increase of about 17 % at a frequency of 5 THz, and an increase of 30 % at 10
THz, compared with the lowest THz frequencies.

Quantum noise analyses of receivers have either been carried out for a general “linear
amplifier” [2] or for specific types of receivers, such as SIS mixers [3,4,5], maser and laser
amplifiers [12], or photo-diode mixers [13,14]. Our analysis is of yet another specific type of
receiver, and the question again arises: do the results obtained in this specific case violate
limitations derived for linear amplifiers in Caves’ extended sense, which also includes mixers.
Caves concludes that a linear amplifier amplifies the input 4fB/2 QN from the source and
adds another contribution 4fB/2 referred to its input, leaving us with a total of i4fB as the
system quantum noise limit. The other papers mentioned above agree with this conclusion
regarding the minimum system noise. In the matched bolometer case, we predict 2(4fB) as
the QN limit. The extra factor of two is due to the fact that both sidebands contribute to the
noise independently. We can draw the conclusion that the general system quantum noise
limit can be interpreted to be hfB per independent channel. The specific cases of the (two-
channel) SIS mixer and the photo-diode mixer yield the lower limit of 1(AfB) due to
cancellation of the shot-noise contributions from the two sidebands (i.e. the two channels are
not independent in this case). We propose that it may be possible to design an HEB mixer
with the same lower QN limit of 1(4fB) by configuring it as an image rejecting mixer, which
allows only one sideband to convert RF to the IF. The analysis of QN in an image-rejection
SIS mixer by Kerr et al. [3] also finds a minimum total QN at the input of 1(AfB).

It is possible that some further QN source has been overlooked in the model used in this
paper. A system noise less than 1(AfB) seems to result when analyzing an unmatched
bolometer in an image reject mixer in the same way as suggested in this paper. This
(potential) disagreement with the accepted general limit for linear amplifiers (and mixers) of
1(hfB) due to Caves mainly represents a theoretical point unless the performance of HEB
mixers in terms of intrinsic mixer noise improves very substantially, however. We may also
note that all other receivers analyzed in terms of QN so far have been matched to the input
source. If the down-conversion process is also required to produce hfB/2 of QN, then the
above (potential) disagreement with Caves disappears. If an additional noise contribution
due to the down-conversion process exists, our results underestimate the total QN. This
may therefore be a hypothesis which can be tested experimentally more easily, since it
increases the coefficient in front of the QN term. Further investigation will be necessary in
order to prove or disprove this and other assumptions we have made in our analysis.
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We present a broadband and low noise heterodyne receiver for 1.4-1.7 THz
designed for the Hershel Space Observatory. A phonon- cooled NbN HEB mixer was
integrated with a normal metal double- slot antenna and an elliptical silicon lens. DSB
receiver noise temperature Tr was measured from 1 GHz through 8 GHz intermediate
frequency band with 50 MHz instantaneous bandwidth. At 4.2 K bath temperature and
at 1.6 THz LO frequency Tr is 800 K with the receiver noise bandwidth of 5 GHz.
While at 2 K bath temperature Tr was as low as 700 K. At 0.6 THz and 1.1 THz a
spiral antenna integrated NbN HEB mixer showed the receiver noise temperature
500 K and 800 K, though no antireflection coating was used in this case. Tr of 1100 K
was achieved at 2.5 THz while the receiver noise bandwidth was 4 GHz.

1. Introduction

Extension of radio astronomical observations above 1 THz has happened
during the last years. It was motivated by the big progress in the areas of both mixers
and local oscillators. A number of ground based, such as TREND (1.5 THz, South
Pole), air- and space born (SOFIA, Herschel) observatories are now under
construction. For these applications the main orientation is made on hot electron
bolometer (HEB) mixers [1, 2]. An operation of these types of mixers up to 5 THz
was experimentally shown in references [3]. Both quasi- optically, QO, (planar
antenna integrated) and wave- guide, WG, (feed horn with a fixed tuned or tunable
mixer block) coupled receivers designs were used by different groups [4]. Due to the
relative technological simplicity of the lithographical fabrication technique, QO HEB
receivers have been quoted much more often in the literature. However, certain
advantages are associated with WG type of receivers. The radiation mode purity and
probably (however, no experimental evidence has been obtained, to our knowledge)
beam pattern quality are among of them.
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Two types of HEB mixers are distinguished. First, phonon-cooled HEB mixers
(NbN and NbTiN superconducting films based), where the hot electrons are cooled
via inelastic scattering by phonons and consecutive hot phonons escape into the
substrate. For thin NbN films the electron- phonon scattering time was measured to be
about 10 ps at 10 K and the temperature dependence Tepn o< 0 was observed [5].
The escape time depends on film thickness (d) and acoustic transparency (o) of the
film-substrate interface, Tescocd/al. The detailed investigation of the NbN HEB mixers
gain bandwidth for the wide range of NbN film thickness has been done in [6].
Tesc—12d was estimated for silicon and sapphire substrates, where Teg is in ps and d is
nm. While T,=6d was found for MgO substrates [7]. For 3.5 nm thick NbN film the
gain bandwidth of 3.5-4.5 GHz was found in the minimum mixer noise temperature
bias point. Extension of the gain bandwidth up to 7-9 GHz has been observed for NbN
HEB mixers at higher bias voltages, however the noise temperature increases in this
case. Gain bandwidth of 2-2.5 GHz was measured for NbN HEB mixers on quartz
substrate, which are used for WG receivers. The choice of quartz is made due to the
relative small dielectric constant and ability to fabricate small and thin mixer chips for
integration into terahertz mixer blocks. Recently, the gain bandwidth of NbN HEB
mixers on quartz was extended up to 3.2 GHz by application a buffer layer of MgO
[8].

In short Nb bridges (less then 0.5 wm long) the electron out- diffusion from the
bolometer into the contact pads is the dominant cooling process for hot electrons. The

electron diffusion time is Tgr o< «/Z . For 0.1 um long bolometer the mixer gain
bandwidth as wide as 9 GHz was reported in reference [9]. Effect of the bias voltage
on the gain bandwidth, similar to the NbN HEB mixers, has been reported in
reference [10].

In this paper we report a quasioptical phonon- cooled NbN HEB mixer on
silicon substrates. The main purpose is the development of a low noise mixer for the
Herschel Space Observatory (Band 6L, 1.4-1.7 THz). We describe the technology
used for fabrication of the HEB mixers, receiver noise temperature measurements in
the 1-8 GHz IF band for LO frequencies 0.6 THz, 1.1 THz, 1.6 THz and 2.5 THz.
FTS measurements of a double slot antenna integrated NbN HEB mixer is also
presented.

2. Sample description and set- up.

NDbN film was deposited on high resistive silicon (=3000 Ohm, 100- crystal
orientation) substrates by dc reactive magnetron sputtering [6]. The substrate
temperature during deposition was 850°C and the background pressure was
3x10° mbar. The Ar pressure was 9x10”mbar and N pressure was 2x10™*mbar. The
discharge current was 300 mA what provided the deposition rate of 0.45 nm/sec. For
3.5 nm thick films the sheet resistance was 400-500 Ohm/sqr, Tc=8.5-10 K. The gold
antenna structure (either double- slot or logarithmic spiral) was made in 4 steps of e-
beam lithography plus lift- off. The NbN film etching was done by the Ar ion- milling
(400 V, 200 mA). The double- slot antenna integrated HEB mixer is shown in Fig.1.
The bolometer size was 4 um wide and 0.4 um long.

For the mixer noise characterization, the standard Y-factor technique was
used. The mixer was attached to the back side of 12 mm elliptical silicon lens. The
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mixer block, bias- T, isolator and IF amplifier were mounted into a LHe vacuum
cryostat. The cryostat with 1-2 GHz IF chain has a Zitex G108 IR filter and HDPE
(1mm thick) window. The cryostat with 4-8 GHz IF chain has the Zitex G108 IR filter
and Teflon (Imm thick) window. A tunable from 1 GHz to 10 GHz Yig- filter with
30-50 MHz band was used after the room amplification stage. 12 um Mylar beam
splitter was 20 cm away from the cryostat window. The measurements are done at
room conditions.

At 0.6 GHz and 1.1 THz two BWOs were used as LO sources, while at
1.6 THz and 2.5 THz an optically pumped FIR laser was applied.

The optimal LO power was dependent on the critical current and was at the
level of 150-250 nW. The bias voltage was set to 1 mV, where the maximum Y factor
was observed.

For the receiver noise temperature evaluation we used Callen- Wellton
formula of the noise power radiated by a black body. The physical temperature of the
hot and cold loads were 295 K and 77 K (LN).

LA A

200 1
LO off
100 -
LO on
I ﬁ
1 2 mV

Fig.2. Typical IV- curves of a 4x0.4mm’ NbN
HEB mixer. The marked area points the
minimum noise temperature bias points.

The double slot antenna (DSA) geometry was: the slot length is 0.3, the slot
separation is 0.17A0, and the slot width is 0.02A,, where A, is the free space wave
length of the middle of the antenna band. The coupling of the slots to the bolometer
occurs via a CPW line (4 um center conductor with 2 um slots). RF block filter in the
IF line contains 3 high impedance and 3 low impedance 1/4 A, sections (not shown in
the picture).

Two typical IV- curves at 4.2 K, one without and one with LO power, are
shown in Fig.2. The optimal bias point (marked in the figure) was chosen in terms of
the lowest mixer noise temperature and stability of the mixer output noise. The typical
bias voltage is about 1 mV for all 4 um wide and 0.4 um long bolometers. The bias
current in the optimal point depends on the mixer critical current (LO is off). For the
critical current in the limits 190 pA to 400 LA the optimal bias current is from 30 HA
to 50 pA.
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3. 1.6 THz receiver.

In this chapter we report on the NbN HEB mixer sensitivity at 1.6 THz LO
frequency, which is roughly in the middle of the Band 6L of the heterodyne
instrument of the Herschel Space Observatory. The choice of this frequency for the
test was made because of the availability of the strong laser generation line (LO
source). Tunable LO sources in this frequency band are still under investigation [11,
12].

A compact (envelope of 32x32x45mm’), light- weight (<75 g) quasioptical
mixer block was designed (see Fig.3) , which contains a low noise filter circuitry,
ESD protection, IF readout, DC bias input.

However, the results presented here were obtained still with a prototype mixer
block, described in the Chapter 2.

An investigation of the coupling efficiency to double slot antenna integrated
Nb diffusion cooled HEB mixers has been reported in [13]. A discrepancy between
the center frequency calculated from the quasi-static approach and the measured one
was observed above 1 THz. The discrepancy increased towards higher frequencies.

Signal (A.U.)

1 1,5 2 2,5

Frequency (THz)

Fig.4. Direct response of 1.6 THz double-
slot antenna integrated NbN HEB mixer

Fig.3. 1.4-1.7 THz NbN HEB mixer for
the Herschel Space Observatory. The
complete structure is made of aluminum.
5 mm Si lens is visible on the front side.

However, there has not been any data reported about NbN HEB coupling to DSAs. In
Fig.4 (circles) we present a direct response of an NbN HEB mixer obtained with a
Fourier Transform Spectrometer (FTS). Details of the measurements are presented in
[14]. The antenna geometry used in the experiment is described in Chapter 2.
Impedance of each slot in the second resonance is 45 Ohm [15] and is transformed to
55+7j Ohm via the CPW line down to the bolometer, positioned in the middle
between the slots. The slots are connected in series with the bolometer. Therefore, the
antenna embedding impedance at the bolometer terminals is 114+14j Ohm. Since the
bolometer impedance is real (v>2A/h, where A is the superconducting energy of the
NDN film under the strong LO radiation) and is about 100 Ohm, the efficient radiation
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coupling occurs in a wide frequency range. Since the FTS measurements were carried
out in the air, the antenna response is strongly affected by the water vapor absorption.
Although vacuum measurements are necessary for correct antenna bandwidth
estimations, certain conclusions can be made from the existing data. First, the
atmosphere transmission of 30 cm path length have been calculated (22 °C, 30 %
humidity) with 70 GHz resolution (Fig.4, dashed line). Assuming the antenna
response spectrum to be parabolic (solid line), centered at 1.4 THz, and interpolating
it with the atmosphere transmission spectra, we obtain a good correspondence
between the resulted curve (triangles) and the measured one (circles). Then, 3 dB full
bandwidth can be estimated to be 1.1 THz, i.e. 80 %. At 1.3 THz the measured
response was not possible to approximate with a simple parabolic response of the
antenna. A possible reason of this distortion can be a more complicated HEB response
spectra then a simple parabola. For example, a secondary response peak at around
1 THz with a more sharp peak around 1.5 THz. More investigation is necessary to
clarify this issue.
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Fig.5 NbN HEB receiver DSB noise temperature at 1.6 THz LO frequency, from 3 GHz to
8 GHz.

The DSB receiver noise temperature was measured in the 3-8 GHz IF band.
The lowest Tr value in this band is 1450 K at 4.2 K bath temperature. 28 um thick
Parylene was deposited onto the silicon lens as an antireflection coating [16]. The rise
of the noise temperature from 4 GHz to 8 GHz is caused by the decrease of the HEB
mixer gain. It has been shown at 600 GHz LO frequency, that the 3 dB gain roll- off
frequency for HEB mixers made of 3.5 nm NbN film on silicon substrate [6] is
3.5 GHz. It means, that at 4 GHz there is 3 dB loss more than at 1.5 GHz, where the
noise temperature of 700 K we have reported in the reference [16].

The HEB receiver noise bandwidth f;y , which is defined as the intermediate
frequency where the receiver noise temperature increases twice from its value at low

IF, can be estimated as fon= for ’% [17], where Tou=Ta+T). Tqy and Ty are the
J IF
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electron temperature fluctuation noise and Johnson noise contributions to the mixer
output noise, fy is 3 dB gain drop frequency, T is the noise temperature of the IF
chain. Ty is about 5-6 K. Using the Nyquist theorem one can show that T;
approximately equals the electron temperature, which is close to T, [17]. From the
measured data for T, (about 60 K [18]) one ends up with the ratio fon/fo=2 for these
HEB mixers. Therefore, the receiver noise temperature of 1500 K shall be expected at
around 7 GHz. However, from Fig.5 one can see that at 7GHz Tr is 3500 K, i.e. at
least twice higher of the expected value.

As it was described in Chapter 2, the cryostat window in the 3-8 GHz receiver
cryostat was Teflon, which is more lossy in the terahertz range than the HDPE
window, used in the 1-2 GHz receiver. However, about 2000 K of the rise of the noise
temperature (3500 K- 1500 K) can be explained only with L additional loss at 300 K
physical temperature: 300x(L-1)+ 1500 K x L=3500 K, i.e. L=2.1 (3dB).3dBisa
significant increase of the input loss to be attributed just to the Teflon window.

Thus, does the HEB mixer gain bandwidth decrease as LO frequency growths?
The answer can be given only by direct gain bandwidth measurements at terahertz
frequencies.

4. Spiral antenna integrated NbN HEB receiver

A direct comparison of the NbN HEB mixer performance in wide both RF and
IF bands was done with a mixer, integrated with a logarithmic spiral antenna [19] on
silicon substrate. The SEM image of the sample is given in Fig. 6. RF bandwidth of
the spiral antennas in the terahertz range has been discussed in [20]. The upper and
the lower frequencies are determined by the inner and the outer cut- off radii of the
spiral. In our case it is about 10 wm and 100 um correspondingly.
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Fig. 6 SEM image of a logarithmic spiral Fig.7. Direct response of the spiral antenna
antenna integrated HEB mixer on silicon. integrated NDN HEB mixer (squares),
Dark area is the silicon surface, while the calculated transmission of the atmosphere
gray area is the gold antenna structure. between the FTS and the cryostat (solid),

simplified parabolic spiral antenna
response (dashed) and the interpolation of
the parabola with the atmosphere
transmission curve (crosses).
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Although spiral antennas have been extensively used with HEB mixers during
last years, to our knowledge there has been no experimental investigation done of
their input bandwidth. In Fig. 7 we present a direct response of the spiral antenna
integrated NDN HEB mixer from 0.5 THz to 3 THz obtained with a Fourier
Transform Spectrometer (FTS). As for the double slot antenna FTS measurements,
the response spectrum in Fig. 7 is modified by the water vapor absorption.
Approximating the spiral antenna response by a simple parabola (Fig.7, dashed line)
(the same as we did in Chapter 3), and by interpolating it with the atmosphere
transmission curve, we obtain a curve (Fig.7, crosses) which is in a good agreement
with the measured one (squares) from 1 THz up to 2.5 THz. Sharp roll- off of the
response below 1 THz can be associated with the lower cut-off of the spiral antenna
band. At higher frequencies the response decays slowly, what can be rather
determined by the antenna conductive losses and the large dispersion of the terahertz
waves in the spiral antenna structure. The higher frequency cut- off, caused by the
spiral discontinuity in the antenna apex, seems to occur at frequencies above 3 THz,
where the detected signal was already below the noise level of the measurement
system. Regardless of the air loss effect, the efficiency of the presented antenna is
quite low above 2 THz. We continue the planar antennas investigation in the terahertz
range and the result will soon presented.
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Fig.8 DSB receiver noise temperature of
the NbN HEB mixer at 0.6 THz (circles),
1.62 THz (squares) and 2.5 THz
(triangles) @ LO  frequencies.  Bath
temperature is 4.2 K).

LO frequency (GHz)

Fig.9 DSB receiver noise temperature at
1.5 GHz IF with 12 pm (filled) and 50 um
(open) Mylar beam splitters. Circles
correspond to the 30cm optical path
length, while squares correspond to the

60 cm optical path length.

Fig. 8 shows the DSB receiver noise temperature for 4x0.4 um size HEB
mixer integrated with the spiral antenna in the intermediate frequency band from
1 GHz to 8 GHz. The minimum Tr values were 500 K, 800 K and 1500 K at 0.6 THz,
1.62 THz and 2.5 THz LO frequencies. The measurements were done at 4.2 K bath
temperature. For the measurements at 1.6 THz and 2.5 THz silicon lenses were coated
with 28 um and 19 um thick Parylene layers correspondingly. The noise bandwidth
can be estimated from Fig.8 as 5 GHz at 0.6THz and 1.6 THz, and 4 GHz at 2.5 THz.
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The frontier of the SIS and HEB heterodyne receivers falls to roughly 1.1-
1.2 THz. This is the highest frequency, where an SIS receiver operation has been
reported [21]. Nb- SIS mixers with Al tuning circuit has shown 840 K of the DSB
noise temperature at 1.042 THz. Recently, the noise temperature of 380 K at 1.13 THz
was achieved [22] for Nb/AIN/NbTIN SIS mixers with an all-Au tuning circuit.
Therefore, it was interesting to compare directly two existing technologies. We used
the same HEB mixer (with the spiral antenna), that we discussed in this Chapter, to
perform noise measurements at 1.1 THz. The lowest DSB noise temperature in this
range was 780 K (Fig.9, filled circles). We should note, that Si lens did not have any
antireflection coating during these measurements, what introduced about 1 dB
reflection loss on the lens surface. A sharp increase of the noise temperature towards
1.16 THz is caused by the water absorption line, since the measurements were done in
the air. With a withdrawal of the hot/cold load 30cm further from the cryostat, the
influence of the water absorption increases drastically. Below 1.125 THz the output
power of the LO was not enough to pump the mixer to the optimal point with a 12 um
thick Mylar beam splitter. Therefore, we exchange it for a 50 um thick Mylar beam
splitter. While the receiver noise temperature was higher in this case, it was still
lowering down to 1.10 THz (open circles). Since there is already another water line at
1.1 THz which we do not observe in Fig. 9, we conclude that we have an error in the
LO frequency estimation. The wavelength- meter, used for the frequency estimation,
seemed to have about 60 GHz up- shift and, in fact, the frequencies in the Fig.9 might
be about 60 GHz higher of the actual radiation frequency. Receiver noise
temperatures with the 50 um thick Mylar beam splitter and 60 cm of the optical path
length are shown with the open squares.

5. Conclusion.

Quasioptical NbN HEB mixers, discussed in this paper, showed very good
performance from subMM to terahertz frequencies. In Fig. 10 we summarize the
obtained DSB receiver noise temperatures quoted in the present paper as a function of
the LO frequency. These data include all input losses and the IF chain noise. The solid
line represents the 10 hv/k noise level, where h is the Plank constant, v is the LO
frequency, k is the Boltzman constant. With the introduction of the AR coating the
noise level at 0.6 THz -1.1 THz range is expected to drop to the level marked with the
dashed line. As we have shown, at terahertz frequencies the planar antenna
performance deviates from the calculations given by the quasi-static approach.
Specifically for DSA integrated NbN HEB mixers the measured center frequency is
lower than calculated one, as it has been shown for Nb diffusion cooled HEB mixers.
Now we can conclude that the reason of the down- shift of the center frequency is
caused not by the bolometer geometry, as it was suggested, but by the antenna
structure itself. The spiral antenna performance, used in the investigation, is not
optimized for the frequencies above 2 THz either. The FTS investigation of the
downscaled spiral antennas (with smaller inner radius) performance has to be
performed for the 2.5 THz receiver.

From 0.6 THz to 1.6 THz the receiver noise bandwidth is about 5 GHz for
NbN HEB mixers on silicon substrate, which is about 2 GHz lower than it was
expected from the gain bandwidth data. At 2.5 THz the receiver noise bandwidth is
4 GHz. One possible explanation of that can be higher input losses during
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measurements in the 3-8 GHz IF band comparing to the measurements in the 1-2 GHz
band.

We conclude that optimization of the planar antennas will lead to an
improvement of HEB mixers performance above 1 THz.
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Fig.10 Summary of NbN HEB mixer performance versus LO frequency. The solid
line notes the 10 hv/k noise level. Dashed line represents the expected noise
temperatures in the 0.6-1.1 THz band with introduction an AR coating for Si lens.
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We are developing superconducting direct detectors (the Single Quasiparticle
Photon Counter, or SQPC) for submillimeter astronomy that can in principle detect
individual photons. These devices operate by measuring the quasiparticles
generated when single Cooper-pairs are broken by absorption of a submillimeter
photon. This photoconductive type of device could yield high quantum efficiency,
large responsivity, microsecond response times, and sensitivities in the range of
10%° Watts per root Hertz. The use of antenna coupling to a small absorber also
suggests the potential for novel instrument designs and scalability to imaging or
spectroscopic arrays. We will describe the device concept, recent results on
fabrication and electrical characterization of these detectors, issues related to
saturation and optimization of the device parameters. Finally, we have developed
practical readout amplifiers for these high-impedance cryogenic detectors based on
the Radio-Frequency Single-Electron Transistor (RF-SET). We will describe
results of a demonstration of a transimpedance amplifier based on closed-loop
operation of an RF-SET, and a demonstration of a wavelength-division
multiplexing scheme for the RF-SET. These developments will be a key ingredient
in scaling to large arrays of high-sensitivity detectors.

1. Introduction

To take advantage of very low background photon rates, space-based far infrared or
submillimeter-wave interferometers will require large advances in detector sensitivity and
speed. Integration of photon-counting detectors with low power readout electronics to
make large-format arrays is desired. The Single Quasiparticle Photon Counter (SQPC) is a
type of superconducting direct detector, which has been proposed (Schoelkopf et al. 1999)
to meet these requirements. This paper gives an overview of operation principles of the
SQPC, the current state of development of this device, and its potential advantages.

2. Detector Concept and Fabrication

The SQPC is an antenna-coupled Superconducting Tunnel Junction (STJ) detector with
integrated Radio Frequency Single-Electron Transistor (RF-SET) readout amplifier. (See
Fig.1). STJs have been used for energy-resolving detection of single photons at visible to
x-ray wavelengths (Peacock et al. 1996). In an STJ detector, a superconducting-insulating-
superconducting tunnel junction is biased below its superconducting gap. At temperatures
well below the superconducting transition temperature, very little current flows since most
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Fig. 1. Single Quasiparticle Photon Counter (SQPC): A niobium bow-tie
antenna provides coupling to submillimeter radiation.  Absorption of a
submillimeter photon breaks Cooper pairs in the aluminum strip joining the
halves of the bow-tie, and gives a current pulse through a tunnel junction
connected to an RF-SET readout amplifier.

electrons are bound in Cooper pairs. = The number of thermally-generated unbound
quasiparticles, and hence also the dark current and detector noise, decrease exponentially
as the operation temperature is lowered. For aluminum junctions, operating temperatures
of © 250 mK or less are used.

When a photon is absorbed in one of the superconducting electrodes of the tunnel
junction, or in a superconducting absorber film linked to a junction electrode, then much of
the photon’s energy goes into breaking Cooper pairs, and the quasiparticles released give a
current pulse. The integrated charge in the pulse is a measure of the photon energy. At
high count rates, overlapping pulses give a photocurrent proportional to the absorbed
optical power. The tunneling time which sets the detector speed can be quite fast (" 1 us)
since the response is a non-equilibrium effect, and not limited by long thermal phonon
relaxation times at low temperatures.

2.1 Use of an STJ detector for low energy photons

Figure 1 shows how an STJ is adapted for detection of millimeter or submillimeter-
wave photons in an SQPC. The optimal volume of the STJ detection electrode scales in
proportion to the maximum photon energy (see Sec. 4). For submillimeter detection,
dimensions of the absorber and junction need to be submicron. Efficient coupling of long-
wavelength radiation to the small absorber is provided by an antenna structure. Sensitive
and high-bandwidth readout of photocurrents through the small, high-impedance tunnel
junction is provided by an integrated RF-SET, as described below.

In our devices, in Fig. 2, we make the STJ using aluminum films for the electrodes and
absorber, and we fabricate the antenna from niobium. For photon frequencies between the
superconducting gap frequencies of aluminum (100 GHz) and niobium (700 GHz), the
aluminum absorber strip appears to have its normal-state resistance, and can present a
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Fig. 2. (a) SQPC detector strip and tunnel junctions are located between two
halves of a niobium bow-tie antenna for coupling to submillimeter radiation. A
gold quasiparticle trap is included here in the wiring to just one of two dual
detector SQUIDs. (b) Close-up view of detector strip and tunnel junctions made
by double-angle deposition of aluminum through a resist mask patterned by
electron beam lithography. Pairs of junctions form dc SQUIDs, and critical
currents can be suppressed with an appropriately tuned external magnetic field.

well-matched impedance for absorbing energy at the center of the superconducting
niobium bow-tie antenna.

Figures 1 and 2a show an additional feature: a normal metal (gold) section in the bias
lead near the detector junction. This acts a quasiparticle trap which aids rapid diffusion of
collected quasiparticles away from the junction after tunneling. This prevents the
backtunneling effect (Wilson et al. 2001) which may otherwise slow the detector response
time. Figure 2b shows that instead of one junction we actually use two junctions in
parallel to form a dc Superconducting Quantum Interference Device (SQUID). This
allows the critical current of the combined junctions to be suppressed nearly to zero, which
is necessary for bias stability, and essential for achieving the lowest dark currents (Sec. 3).

2.2 Integrated Readout Amplifier

At detector readout frequencies (<< 100 GHz), the aluminum is superconducting, and
the tunnel junction has a subgap differential resistance of 100 M? or higher, and a
capacitance of a femtofarad or less. A standard readout circuit for a high impedance
photoconductor is the transimpedance amplifier (see Fig. 3). An ideal amplifier for
implementing this readout circuit for an SQPC is the RF-SET (Stevenson ef al. 2001). A
Single Electron Transistor (SET) is a very high performance electrometer based on the
Coulomb blockade effect (Fulton & Dolan 1987) with sub-femtofarad input capacitance.
An RF-SET integrates the SET with a LC circuit resonant at ~ 1 GHz to impedance match
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Fig 3. Measuring photocurrent with a transimpedance amplifier: feedback
draws photocurrent out through a (cold) feedback resistor, keeping constant
bias voltage across the detector.

the typical 50 k? SET output impedance to a 50 ? High Electron Mobility Transistor
(HEMT) (located at 4K). Signal bandwidths of 100 MHz can be obtained.

To make an RF-SET transimpedance amplifier, we feed the room temperature output
voltage of the RF-SET amplifier system back to the input gate of the SET via a cryogenic,
high-value (100 M? ) resistor integrated at the detector bias point (see schematic in Fig. 1).
Although we have not yet done so, we intend to use electron beam lithography to fabricate
a feedback resistor on-chip with physical dimensions small enough to not limit the readout
bandwidth with stray capacitance.

2.3 Fabrication Process

We use optical lithography and thin-film processing techniques to fabricate substrates
for SQPCs and SETs. The substrates include the antenna, inductors and capacitors for the
1f circuits, and device contacts.

We use electron-beam lithography to fabricate both SETs and the SQPC detector in
one process. Figure 4 shows one of our transistors, and a sketch of the self-aligned process
used to form the small tunnel junctions required both for SET and detector. We use a
standard SET fabrication process using a resist bilayer (Dolan 1977). The bottom resist
layer is more sensitive to electron-beam exposure than the top, high-resolution layer.
Consequently, development of the resists results in undercuts which can be made to merge
and form free-standing bridges of the top resist. Evaporating aluminum films onto the
substrate at two angles allows junctions to be formed under the resist bridge, as shown in
Fig. 4a. A room temperature thermal oxidation step between deposition of the two
aluminum layers forms an Al,Os tunnel barrier in the junction area defined by the overlap
of the layers.

We have refined this fabrication process with the goal of achieving the reproducibility
needed for large-format arrays. By monitoring and controlling the sensitivity of the lower
resist layer, we have recently attained large improvements in device yield. We now make
chips with 20 or more functional SETs, and small (5 element) arrays of SETs with junction
resistances clustered within 10% of a target value. We are continuing to study and make
improvements in device yield, uniformity, and long term stability.
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Fig. 4. (a) Double-angle deposition process used to form the self-aligned
junctions for the SQPC and SET. (b) An SET with 0.5 {fF input gate capacitor.
Source and drain leads are connected to island via ultra-small tunnel junctions.
Inset shows close up of a 60 nm x 60 nm junction.

3. Optimization of Device Parameters and Experimental Results

Apart from efficiency of antenna coupling, the fundamental factors determining SQPC
sensitivity are: (i) detector responsivity, (ii) shot noise on the dark current, (iii) noise of
the RF-SET expressed as an equivalent voltage noise at its input, (iv) Johnson noise in the
feedback resistor, and (v) impedance of the detector in parallel with the feedback resistor.
We have investigated each of these issues, and predict Noise Equivalent Power (NEP) ~
1x10™" W/vHz could be obtained with our existing SQPC prototypes based on the
demonstrated levels of performance measured for each factor.

3.1 Detector Responsivity

The responsivity of the SQPC is ideally equal to e/?, where ? is the energy gap of the
absorber material and e is the electronic charge. For aluminum, e/? ~ 5000 A/W.
Efficient collection of photon-generated quasiparticles as a tunneling current depends on
making the tunneling time short by confining the quasiparticles to a small absorber or trap
volume, and on avoiding sources of quasiparticle recombination other than recombination
with the thermal equilibrium concentration of quasiparticles. At low operating
temperatures, thermal recombination rates are orders of magnitude slower than our 1-10 pus
tunneling times. Using the dual detector SQUID structure shown in Fig. 2b, we have used
one SQUID in a pair to electronically inject a quasiparticle current into the common
absorber strip. We see a strong response in the subgap tunneling current of the second
SQUID. While we have yet to complete analysis, we believe the observed response
indicates good confinement and collection in our devices.
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3.2 Dark Currents

We have investigated dependence of dark current on device parameters. We found
initial prototype detectors with ™ 1 k? junctions deviated from BCS predictions for
thermally-generated dark current below ~ 300 mK. The temperature-independent dark
current was proportional to the square of the (magnetic-field dependent) critical current of
the SQUID, and was explainable as “rectification” of the Josephson oscillations occurring
at a non-zero dc bias voltage (Holst 1994). Since the minimum critical current of a dc
SQUID is limited to non-zero values by self-inductance, and by asymmetry between
junctions, we could not fully suppress the critical current with a magnetic field as is done
for UV/optical or x-ray STJ detectors.

Instead, we were motivated to try junctions with smaller areas and higher resistance-
area products. For junctions with a Josephson energy E; = I.®y /2p smaller than k7, we
observed extra suppression of the critical current by thermal fluctuations. The dark current
at bias less than ?/e was then greatly improved. Several different detectors were cooled in
a pumped He’ refrigeration system to temperatures as low as 250 mK. Preliminary tests
focused on carefully quantifying the dark current and its response to variation in
temperature and magnetic field. First, we were able to show that the supercurrent can be
suppressed to less than 0.1% on its initial value with a few Gauss of magnetic field on the
device. This shows both that the fabrication process can yield sufficiently symmetric
SQUID geometries and that we can robustly quench the supercurrent contribution to the
dark current.
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Fig. 5. Data and theory for dark currents of three different detector junctions.

The next step in our characterization of the junctions was to demonstrate how small the
dark current could be and see how this compares with theoretical predictions. BCS theory
predicts that the subgap current due to thermally excited quasipartcles should decrease
exponentially with temperature. So far, our measurements have shown that the subgap
current corresponds to the BCS value and that it continues to scale exponentially at the
lowest temperatures at which it has been measured. At 256 mK, we measured a dark
current less than 1 pA (Figure 5). This implies that a shot noise limited detector would
have an NEP of less than 10™° W/rt.Hz. This sensitivity should continue to improve as the
temperature decreases. While it remains to be seen how low this dark current can be made,
it is highly encouraging that such a low dark current has been demonstrated and that its
value fits so closely with theory.
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3.3 RF-SET voltage noise

Nearly quantum-limited charge noise ~ 10 e/vHz has been demonstrated for RF-SETs
with small input gates (Aassime 2001). However, just as for dc SQUIDs, it is difficult to
maintain quantum-limited sensitivity while providing strong coupling to an input signal.
For SQPC readout, the figure of merit is the voltage noise, equal to the charge noise
divided by the input gate coupling capacitance. As gate capacitance is increased, the
voltage noise at first drops, but then levels off or increases as the charge noise of the RF-
SET starts to degrade due to co-tunneling effects (Stevenson 2001). We have obtained
record SET voltage noise of 30 nV/vHz with a 0.5 {fF gate, and have been able to maintain

a voltage noise close to this value during closed-loop transimpedance amplifier operation
(Segall 2002).

3.4 Predicted Detector Sensitivity

Table I summarizes the noise budget for an SQPC detector using demonstrated
parameters. We assume our 0.5 pA device is used with a 100 M? integrated feedback
resistor at 250 mK, with higher subgap impedance for the biased detector.

Table I. Detector sensitivity for demonstrated parameters.

Noise source Parameters Effective current noise
Dark current 0.5pAat250 mK | 0.4 fA/vHz

RF-SET noise 30 nV/vHz 0.3

Johnson noise in Rfb | 100 M? at 250 mK | 0.4

Total current noise 0.6

NEP 1.2x10™"° W/vHz

4. Modeling of Detector Performance for Various Absorbed Power Levels

The maximum power level the SQPC can tolerate, and the expected background count
rates in a space environment, will determine the maximum fractional bandwidth allowed
for the incident radiation. As the absorbed power is increased, the peak or steady-state
concentration of quasiparticles in an SQPC absorber strip will grow, and the rate of self-
recombination of particles will increase. =~ When the self-recombination rate per
quasiparticle equals or exceeds the tunneling rate, then the efficiency of charge collection
drops. We have performed Monte Carlo simulations of the effects on signal and noise in
this case, and have found that the saturation of the detector is really quite gradual and
weak.

Preliminary results calculated for a device like our prototype with 0.5 pA dark current.
The self-recombination and tunnel times become equal at an absorbed power of 3 fW.
Above that power, the photocurrent grows as square-root of power, and the time constant
of the response drops with the self-recombination time. The total NEP degrades very
slowly, and remains close to the photon shot-noise limit until the power reaches 0.1 pW.
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With the expected background for space observations (Mather et al. 1998), this SQPC
model allows background limited sensitivity for incident bandwidths of 0.1% to 100%.
Only at powers above a pW will the device saturate “hard,” when quasiparticle
concentrations grow large enough to supress the superconducting gap and drive the
aluminum normal. We consider weak saturation one advantage of the SQPC.

5. Design of Antenna Coupling and Calibration

We have an experiment currently underway to attempt to measure for the first time the
photoresponse of an SQPC to radiation. For this purpose, we have made a calibrated 200
GHz source with calculable coupling to the SQPC antenna.

5.1 STJ/Antenna Coupling

At this stage of sensor development, we employ a bow-tie antenna on a dielectric
substrate to optically couple the device. This simple scheme has minimal impact on
processing and will allow basic characterization of the device properties. In order to
integrate the detector to the antenna, the impedance, field configuration, and interaction of
the bias network topology with the radiating structure need to be considered.

We estimate the bow-tie antenna’s input impedance by treating the structure as a radial
transmission line in the quasi-static limit (Rutledge & Muha 1982). For the geometry used
for the prototype devices, we estimate an input impedance of ~130 ? . The rf impedance
presented by a typical SQPC-SET sensor is 20~50 ? . This impedance mismatch will be
addressed in subsequent sensor iterations.

For an antenna on a substrate, the power radiated into the dielectric is greater than the
power radiated into the vacuum by a factor of e,'~. For the silicon substrate in use, we note
that ~97.5% of the power resides in the dielectric portion of the half-space. A quarter-
wave-matching layer is employed between the dielectric and freespace to improve the
coupling efficiency for the component of the radiation propagating away from the antenna
into the dielectric. A substrate lens can also be employed to limit conversion of trapped
rays into surface waves on an electrically thick substrate.

The beam efficiency, the ratio of the main beam-to-total beam solid angle, for a bow tie
is relatively low. For this reason, we plan to transition to antenna structures with improved
sidelobe control. This will enhance compatibility of the device development effort with
needs of precision radiometric applications. Given the sensor’s planar topology, processing
requirements and RF impedance levels; dual slot and taper slotline configurations are
presently under consideration to meet these demands.

5.2 200 GHz Calibration Source Development

A quasi-optical calibration scheme was chosen to allow maximum flexibility during
sensor characterization. For the initial measurements, a quasi-optically coupled “reverse
bolometer” will be used as a thermal source in the sensor’s field of view to produce a
calculable radiometric flux. The absorber physical temperature and emissivity as a function
of frequency effectively control the source bandwidth.

The calibrator was fabricated as follows: The absorber was formed by evaporation of
Pd/Au to realize ~400 ? /? on an electrically thin silicon substrate at the anticipated
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operational temperature. This layer is held in a silicon frame at a spacing of ~410 microns,
roughly a quarter wavelength, from a smooth oxygen free copper backshort. The emitter is
supported on micro-machined conductive legs, which provide electrical connections for the
thermometry and thermal isolation. Provisions are provided in the design to reconfigure the
calibrator for use as a mount in WRO5 waveguide for verification of the coupling
efficiency via standard waveguide metrology techniques.

6. Multiplexing for Arrays

An advantage we see for the SQPC detector system is the multiplexing capability of
RF-SETs. Multiplexing schemes will be crucial to the development of large-format arrays
of SQPCs, or other low-temperature detectors.

RF-SETs have a natural wavelength division multiplexing capability, as shown in Fig.
6a. Each RF-SET is connected to one coaxial line by an rf tank circuit with a unique
resonance frequency. A directional coupler allows rf carriers to be applied at each
resonance frequency and reflected powers to be monitored by a single HEMT following
amplifier at 4 K. RF-SETs can be individually or simultaneously powered and read out.
We have made a two-channel rf multiplexing demonstration using discrete inductors for
the rf tank circuits (Stevenson et al. 2001). The two input signals were successfully
reconstructed with little cross-talk. Lithographic versions of the rf circuits (Fig. 6b) had
measured parameters in agreement with electromagnetic modeling, with reduced cross
capacitance and inductance. We have designed a 50-channel system with components
based on measured parameters of our lithographic circuits (Stevenson ez al. 2002).
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Fig. 6. (a) WDM multiplexing scheme. All inductors are connected to one
coax running from subkelvin chip to components at 4K. Multiple carrier
frequencies pass through directional coupler to excite tank circuits. Reflected
power is directed to HEMT amplifier. Outputs are demultiplexed and
demodulated at room temperature, and fedback to resistors for transimpedance
operation. Detector bias can be changed using trim gates. (b) 8 mm x 10 mm
chip with 16 lithographically defined tank circuit inductors.
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The wavelength division multiplexing scheme still requires two wires for each pixel
which is being read out simultaneously: one wire for connection to the transimpedance
feedback resistor, and one for a weakly coupled SET trim gate. Combining wavelength
division multiplexing with some form of time-division, or other, multiplexing will be
required in to implement large arrays; however, the 50-fold reduction in output
connections seems quite valuable.

7. Conclusion

We have refined a fabrication process for SQPC detectors and RF-SET amplifiers with
the goal of achieving the reproducibility needed for large-format arrays, and have recently
attained large increases in device yield. With proper device design, we have attained
subpicoamp dark currents, and record RF-SET voltage noise levels, which allow
sensitivities of 1x10™° W/vHz at temperatures as high as 250 mK. There is potential for
even better sensitivity at lower temperatures, and the expected detector saturation behavior
and multiplexing capability of RF-SETs enhance the potential for application of the SQPC
in space-based submillimeter-wave interferometers.
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Abstract

We report our studies on spectral sensitivity and time resolution of
superconducting NbN thin film single-photon detectors (SPDs). Our SPDs exhibit an
experimentally measured detection efficiencies (DE) from ~ 0.2% at A=1550 nm up to
~3% at A=405 nm wavelength for 10-nm film thickness devices and up to 3.5% at 1=1550
nm for 3.5-nm film thickness devices. Spectral dependences of detection efficiency (DE) at
A=0.4 —3.0 um range are presented.

With variable optical delay setup, it is shown that NbN SPD potentially can resolve
optical pulses with the repetition rate up to 10 GHz at least. The observed full width at the
half maximum (FWHM) of the signal pulse is about 150-180 ps, limited by read-out
electronics. The jitter of NbN SPD is measured to be ~35 ps at optimum biasing.

Introduction

NDN ultrathin film superconducting single-photon detectors (SPDs) are promising
for their fast response time and ultimate sensitivity from ultraviolet to near infrared ranges
[1-4]. Simultaneously, with the quantum-counting property, dark counts of the detector are
negligibly low under the cryogenic operation environment [5,6]. As the result,
superconducting NbN SPDs offer some obvious advantages over any modern
semiconductor single-photon detectors [6].

The single photon counting property of NbN SPDs has been investigated
thoroughly, and a model of hot-spot formation process has been introduced to explain the
photon-counting mechanism of NbN SPDs [7, 8].

However, it is of great interest to study spectral sensitivity characteristics and time
characteristics of NbN SPD. Another very important time-related characteristic is the time
jitter. The last characteristic is responsible for an accuracy of photon event registration in
time scale.

! Also at: Materials Science Program, University of Rochester, NY, 14627.
? Also at: the Institute of Electron Technology, PL-02668 Warszawa, Poland.
3 Also at: the Institute of Physics, Polish Academy of Sciences, PL-02668 Warszawa, Poland.
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SPD’s fabrication and experimental setup

The devices used in our experiments are meander-structured NbN superconducting
stripes with thickness of d = 10 nm and 3.5 nm, and width of w ~200 nm. The T, of the
devices is about 10.5 K for 10-nm thickness film, and about 10 K for 3.5-nm thick film
devices, with critical current density j. at 4.2 K up to 5x10° A/em®. The fabrication process
of NbN SPDs is as follows: first of all, the ultra-thin NbN films are deposited on double-
side polished sapphire substrates by reactive dc magnetron sputtering method in the Ar +
N, gas mixture. The maximum values of the critical film parameters (7, and j.) are reached
at the partial Ar pressure of 5x107 mbar, the partial N, pressure of 9x10” mbar, the
discharge current value of 300 mA, the discharge voltage of 300 V and the substrate
temperature of 850 °C. Next, the film is patterned into a meander-type stripe occupying an
area of ~10 ym x10 um or 4 um x4 pm by e-beam lithography after the outer Ti-Au
contact pads are fabricated by lift-off optical photolithography. Thereafter the NbN film is
removed from the whole surface of the substrate except the meander-type structure and
contact pads by ion milling in Ar atmosphere through supplementary Ti mask, which is
created on the surface of NbN meander-type and contact pads. Finally, the last process is to
remove Ti mask in diluted hydrofluoric acid. SEM image of the device with 10pum x 10um
working area is shown in Fig.1.

Fig. 1. SEM image of Meander-structured NbN SPD fabricated by the magnetron
sputtering method with covered area of 4 pum x 4 um, average stripe width w =210 nm.

Typical I-V curve of the 10-nm-thick SPD at 4.2 K is shown in Fig. 2. We bias the SPD
at currents below critical current I (e.g., point A on superconducting branch). After the
absorption of the photon the resistive barrier across the full width of NbN stripe appears,
and detector is switched from superconducting state (point A in Fig. 2) to meta-stable state
(point B in Fig. 2) with a voltage signal generated.
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Fig. 2. I-V curve of 10-nm-thick, 4 um x 4 pm area NbN SPD at 4.2 K.

Experimental setup

The schematic diagram of our experimental setup is shown in Fig. 3. The device is
wire-bonded to a microstripe line and then connected to the bias and output circuits
through a bias tee. The vacuum cryostat that holds the SPDs is cooled by liquid helium and
maintained at 4.2K. Optical sources were either 100-fs-wide pulses with a 82-MHz
repetition rate at 405 nm, 810 nm, and 1.55-pum wavelengths from a self-mode-locked Ti-
sapphire laser, coupled with the parametrical optical amplifier, or CW laser diodes. The
intensity of incident radiation was attenuated using banks of neutral density filters. In
addition, the wavelength dependency of SPD’s detection efficiency (DE) was measured
using a grating spectrometer and a CW blackbody radiation source.

Variable optical
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Fig. 3. Experimental setup with variable optical delay stage.

In order to measure the time-resolving ability of NbN SPDs, we have set up an
adjustable optical delay stage. The laser beam is firstly split into two beams, and then one
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of the beams is delayed by the optical delay stage and then merged back into the original
beam by the second beam-splitter. The minimum amount of the delay is 100 ps. The
voltage signal generated by the incident photon in the SPD is amplified by a room-
temperature amplifier and then fed to the Tektronix 7404 single-shot digital oscilloscope
(synchronously triggered by the Ti:Sapphire laser) or counted by SR400 photon counter,
the room temperature amplifier and oscilloscope have bandwidths of 0.01-12 GHz and 0-4
GHz, respectively.

Experimental results

Spectral sensitivity

The DE spectral dependences for some 4x4 pum® and 10x10 pm?® 10-nm film
thickness SPDs at A=0.4 —3.0 um range are presented in Fig. 4. We notice here that DE <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>