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Abstract

SuperSpec is an integrated, on-chip spectrometer for millimeter and sub-millimeter
astronomy intended to pave the way for large-scale, multi-beam spectrometer instru-
ments. SuperSpec is demonstrating a three beam, dual-polarization instrument for
observing star formation in distant galaxies on the Large Millimeter Telescope , a
50 m telescope on Volcan Sierra Negra in Mexico. SuperSpec provides moderate
resolution (R ~ 270 — 290) in the 1 mm atmospheric window (200-300 GHz) with
a lithographically patterned filterbank on a 3.5 cm x 5.5 cm chip. The filterbank
intended for deployment is implemented in niobium, fed by a lensed antenna, and
using a extremely low-volume (2.6ym?) titanium nitride lumped element kinetic
inductor detectors (LEKIDs) as the sensors. The small size of the spectrometer and
inherent multiplexibility of the kinetic inductance detectors will allow the future use
of SuperSpec in larger, multi-pixel/multi-object spectrometers far beyond the three-
pixel spectrometer being demonstrated soon. We report the design of the spectrome-
ter, laboratory characterization of devices for the upcoming SuperSpec deployment.
This involves laboratory testing of the filterbank spectral response, and observing
noise in the TiN KIDs.
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1 Introduction

SuperSpec is a compact, on-chip millimeter-wave spectrometer. The millimeter and
sub-millimeter wavelengths are important for probing star formation and galactic
dynamics in the early universe, because UV and optical radiation produced by stars
get absorbed and reprocessed by dust into far-IR. The gas-phase interstellar medium
cools through several emission lines, including the [CII] 158um fine-structure tran-
sition, a broad indicator of star formation [1-3]; CO rotational transitions that cool
molecular gas; and [NII] 205 um fine-structure transition, which traces ionized gas.
These and others spectral lines are redshifted into the trans-millimeter bands for
much of cosmic history; in particular [CII] lies in the 200300 GHz band for red-
shift 5-9, the late stages of reionization. While ALMA is very sensitive for observ-
ing these lines one-by-one in individual galaxies, the survey speed of a wide-band,
moderate-resolution spectrometer with many spatial beams can vastly exceed that
of ALMA. There are several groups creating an on-chip spectrometer, along with
SuperSpec, such as DESHIMA, which has already demonstrated an on-chip filter-
bank on sky, though in a different frequency range [4] and u — Spec [5] is using a
dispersion-based spectrometer on-chip, able to be compact due to the high index
of refraction of silicon. Such a capability can be used for both pointed multi-object
spectroscopy of galaxies [6], as well as for line intensity mapping (LIM), for which
pioneering instruments such as TIME [7] and SPT-SLIM (Karkare et al. these pro-
ceedings) are now being built. Lithographically patterned on-chip spectrometers will
enable the ultimate potential of these measurements: filled 2-D focal plane arrays in
which each pixel is a background-limited spectrometer. We present progress on our
implementation of this technology, SuperSpec, with a particular emphasis on the
titanium-nitride (TiN) KIDs used in the device.

2 Device Design and Performance

SuperSpec is an on-chip microstrip filterbank with half-wave resonators illustrated
schematically with the circuit diagram in Fig. 1. The length of the microstrip reso-
nator is stepped logarithmically along the filterbank to fill the full bandwidth. Each
channel’s bandwidth is determined by the total quality factor, including the cou-
plings between the resonator to the half-wave filter and the filter to the TiN KID
inductor, along with the dielectric loss. The optimization of these parameters is han-
dled numerically and detailed in Redford et al. [8].

The devices described in this paper are 110-channel spectrometer chips cover-
ing the 200 to 300 GHz band, the chip design is detailed in Fig. 2, and some of
the channels’ spectral profiles are shown in Fig. 1. The fact that there is a differ-
ence in heights of the spectral profiles, with one half having less response than the
other half, is due to a mask error causing the filterbank to have the resonators out
of order. This causes half the filterbank to get more power at the expense of the
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Fig. 1 Left: A circuit diagram of the SuperSpec filterbank. A series of half-wave resonators are coupled
to a microstrip feedline, with the length of the half-wave resonators stepped to cover the full band. The
total resonator Q, set by the coupling Q (Q,) to the feedline, the loss to the dielectric (Q,,,), and the
coupling to the detector (Q,), set the single channel bandwidth. The detector is shown as a resistor in the
circuit diagram since it is a dissipative element. Right: The spectral profiles of channels in a 110-channel
prototype chip. Due to a mask error causing the half-wave resonators to be out of order, one half of the
resonators get a larger share of the power at the expense of the other half. Additionally, the variation of
the gap energy of the TiN across the die and the dielectric loss causes the variation in peak heights with
frequency
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Fig.2 A breakdown of the 110 channel SuperSpec chip. The filterbank covers 200 — 300 GHz and the
total die is 3.5 by 5 cm. Panel a shows the dual-slot antenna that couples radiation onto the microstrip
feedline. For diagnostic purposes, panel b shows a KID coupled to the microstrip without a half-wave
resonator, giving it a broadband optical response. Panel ¢ shows a section of the filterbank, the half-
wave resonators that provide spectral selectivity are wrapped around the inductor of the KIDs. Panel d
shows the end of the interdigitated capacitors of the KIDs and the coupling capacitors of the KIDs which
consists of an interdigitated capacitor to the readout microstrip line and a parallel plate capacitor to the
ground plane. Panel e shows a TiN meanders that absorb remaining power that is not absorbed by the
filterbank
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other half, though the strong overlap between adjacent channels means that this
only has a minimal effect on the overall sensitivity. This mask error has been cor-
rected, and new devices are to be produced and studied. The additional variation
in peak height across the band is due to the parabolic gap energy variation in the
TiN film [9, 10] and the dielectric loss in the microstrip. With capacitor clipping
[11], we were able to remove frequency collisions due to gap variations across the
die. We have previously demonstrated background limited detectors with Super-
Spec [10-12], but have been challenged in obtaining good optical efficiency.

The optical efficiency of our current devices and instrument has room for
improvement. But at audio frequencies above several Hertz, the NEP is domi-
nated by photon noise. This is comparable to the SuperSpec chop frequency of
our modulating mirror, for which the speed and duty cycle must be traded. There-
fore, the detector low frequency (1/f) noise has the potential to negatively impact
the performance on-sky and will be the subject of the following section.

3 Inductor 1/f Noise

It has been previously remarked that there is some excess 1/f noise in TiN KIDs
including our reactive sputtered non-stoichiometric films [9, 13, 14]. Examples of
this are shown in Fig. 3 showing the noise PSDs of a spectral channel looking at
two different optical loadings, a 293K room temperature load and a mirror reflect-
ing the beam back into the interior of the cryostat. The effective temperature of
the was found to be 61 + 1K. Additionally, the stage temperature was varied from
the normal operating base temperature of 217mK. We find a dependence on opti-
cal loading, but interestingly, find little or no dependence on device temperature,
indicating that the mechanism does not depend in a straightforward way on quasi-
particle density.
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Fig.3 Left, the S, plots of a representative resonator with two blackbody loadings and three-stage tem-
peratures. To obtain the lowest blackbody temperatures, a mirror was used to reflect the beam back into
the interior of the cryostat, and the loading of the mirror is found to be 61 + 1K. Right, the fitted tem-
perature and loading scalings of the 1/f noise in filterbank resonators of a deployment candidate. The
median value for each temperature is in red
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4 Photon Noise and Sensitivity

And the fitted GR levels of S, along with the difference in noise with changes in load-
ing show that SuperSpec is limited by photon noise. The expression for photon noise of

a blackbody is
NEPphOL = hv, /5vnoptn(’70pln +1) (1)

where v is the center frequency, v is the bandwidth of the channel, 7, is the opti-
cal efficiency between the source and the detector, and n is the photon occupation
number. In the case of SuperSpec, the lensed antenna system couples to a single
optical mode. So, the photon occupation of the source, for a beam filling load, is a
Bose—Einstein distribution. The equation presented is the typical expression for the
noise at the detector. To refer this to the noise at the input of the instrument, one has
to divide the previous NEP by the optical efficiency. This is the more meaningful
figure of merit for the instrument’s performance on-sky. This gives the equation

NEPphnt,fmm = hv V 5‘/”(” + %) (2)

For a KID, the change in noise from a change in optical loading also includes excess
recombination noise from generated quasiparticles. But the excess recombination
noise can be expressed as an enhancement of the shot noise [15]. Starting with the
responsivity % and recombination noise found in Zmuidzinas [16].
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NEP?, = ni‘)wNEPfhm(l + :ZX) @)

SNEP? = h*V*6v(6(n®) + %) 8)

where the last equation comes from assuming the minimum pair breaking efficiency,
meaning only one pair of quasiparticles are generated from a photon (7, = 121—6).
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And, make the assumption that the quasiparticle lifetime is set by 7,,,, making
the increase in square recombination noise equal to double the increase of the shot
noise. This 7, limited lifetime has been previously observed in SuperSpec TiN
KIDs [9-11, 15] and demonstrated in the bottom left panel of Fig. 4. Using this
equation, the difference in the noise under two loadings can give an upper bound

of the optical efficiency (since the pair breaking efficiency was assumed to be the
minimum).

5 Conclusion

SuperSpec is currently in preparation for the instrument deployment at the Large
Millimeter Telescope. The instrument is ready with several 110 channel chips that
cover 200-300 GHz band to demonstrate a 3-pixel spectrometer on-sky. Devices are
currently photon noise limited, with individual spectral channels having an NEP of
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Fig.4 Top left, the difference in NEP measured for the change in loading from the 293K, room tempera-
ture load, to the ~ 61 K mirror load, causing the instrument to look at the cold interior of the cryostat.
Top right, the upper bound of the optical efficiency calculated from the photon noise difference to the
right. For both plots the channels below 150 MHz are the broadband channels, with the lower efficiency
being positioned after the filterbank, coupling to power not absorbed by the filterbank. Bottom left, the
S, of a spectral channel at various temperatures and two optical loadings, the difference between the
loadings shows that the optical responsivity is constant, as predicted by previous measurements demon-
strating that the quasiparticle lifetime is constant. Bottom right, the NEP PSD of a representative spectral
channel, the NEP at the chopping frequency during telescope observations is ~ 8 % 10716W/ \/ﬁz
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less than 10~W/4/Hz, at a loading similar to expected on-sky loadings. And fur-
ther enhancements to the sensitivity of the instrument will have to be obtained from
increasing optical throughput .
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