Detectors for sub-millimetre continuum astronomy
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Sub-mm astronomy has seen an explosive growth in recers.y€hais has been driven by improvements in
detector technology, and in particular the move from simgkel photometric instruments to ones containing
arrays of hundreds and even thousands of pixels. Sub-mmtdetare different from those used in astronomy
at most other wavelengths in that they are not produced cooiaflg. Instead, research, development and
construction is carried out in universities and governnmaboratories. We are also at an interesting point in
that several competing detector technologies are undeta®mwent and it is not yet clear which will be used in
future instruments. | review current instruments as wethasssues facing us in developing the next generation
of instruments, operating both on the ground and from space.
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) 2 Bolometer instruments past and present
1 Introduction b b

The first bolometers were developed (in 1880) for infrared

Sub-millimetre astronomy is a rapidly evolving field, drive 2Stronomy, and operated at room temperature. Reducing the
by continual improvements in technology along with the de-l€Mperature reduces background blackbody radiation on the
sire to address fundamental astronomical issues such as tﬂgtector,_ and also increases sensitivity since heat dgpaei
birth of planets, stars, galaxies, and even the universt.its CUCES with temperature. - The foundations for modern cryo-
The most common detectors used for sub-mm photometry ai@eNic boIometers_were laid in 1961 when F. L0\_/v developed a
bolometers; the general principle is shown in Fig. 1. bolometer operating at a temperature of 4 K with doped ger-

manium as the thermometer. With appropriate doping, semi-

There is no strict definition of the term sub-mm; the upperconductors can have extremely large changes of resistance
limit is often taken to be a few mm, the highest wavelengths awith temperature at cryogenic temperatures, resultinggh h
which bolometers are generally used. At the low wavelengt$ensitivity. Germanium bolometers were not developed with
end, there is no sharp division between sub-mm and infrare@stronomical applications in mind, but rapidly came to the a
astronomy; the division is often put at around 20@ which  tention of astronomers.
is the highest wavelength at which photoconductors (used fo Bolometers have now largely been overtaken by semicon-
almost all infrared astronomy) are useful. ductor photodetectors for infra-red astronomy but are #e d

tector of choice for sub-mm photometry. To achieve suffi-
ciently low noise, it is necessary to operate them at utive-I
temperatures (300 mK or below). Achieving and maintain-
Thermometer ing such temperatures is challenging, and is one area which
distinguishes sub-mm instruments from most other areas in

— Radiation v 4 .
\/ astronomy. Another difference from the more common areas

\\\\ of optical and infra-red astronomy is that, lacking commnarc

or military applications, development has largely beemiedr

Absorber out in universities and government laboratories, rathanth
industry.
Weak thermal link A bolometer is a broad-band device, responding equally
to all wavelengths that are absorbed. In use, therefore, it
‘ Heat sink ‘ is necessary to use filters to restrict the radiation reachin
the bolometer to the wavelengths of interest. If high reso-
lution spectroscopy is required, coherent systems sucheas a
Figure 1. Schematic of a bolometer. Radiation is absorbéaeimb- ~ €mployed in radio astronomy are suitable at sub-mm wave-
sorber. A thermometer detects the resulting increase ipgeature.  lengths. These are however outside the scope of this review.
Heat is removed by a weak thermal link to a heat sink. An important step in bolometer design was the introduction

of the composite bolometer, in which separate materials are

used for the absorber and thermistor. First used in the $970’

this approach allows a large absorbing area with a much lower
*Web: http://woodcraft.lowtemp.org heat capacity than if the thermistor itself were used aslthe a




sorber. Early sub-mm instruments consisted of a singld;pixe Beryllium copper heat sink
building up images was thus a slow process. Silicon frame

Arrays appeared in the 1990’s; the largest of the early array
were contained in the SCUBA instrument. With 131 pixels, it
enabled maps of the sky to be made up to 10 000 times faster
than before [1]. The absorber in each bolometer was made
from sapphire, with the brass wires making the electricalco
nection to the thermistor forming the weak thermal link. Eac
bolometer was constructed by hand. The arrays were then
made up from individually constructed pixels placed side by
side. Such an approach makes building large arrays somewhat
impractical.

To get sensitive and uniform behaviour in the thermistor, . o
it is necessary to have extremely uniform doping. Conven- Bare silicon nitride
tional methods of doping germanium do not provide sufficient Metallised silicon nitride
uniformity. The method adopted in SCUBA and other mod-
ern germanium bolometers is to use the neutron transmatatio
doping process (NTD) [2]. This makes use of the fact that ger-
manium naturally occurs with several isotopes. One of these
isotopes is converted to gallium under neutron bombardment
Since the different isotopes will be uniformly mixed in the lonimplanted silicon bolometer arrays with 256 pixels have
initial material, the result is therefore an extremely omifi ~ been produced using a CMOS multiplexed readout [6]. The
doping. large inherent noise in such a readout is partially overcoyne

Modern germanium bolometers still use the NTD processusing very high (& to T(2) thermistor resistances to achieve
but employ micromachining techniques to produce compos igh responsivity. Such detec_tors are bemg used at wave-
ite bolometers. They are produced from a silicon wafer upo€ngths between 60 and 210n in the PACS instrument on
which silicon nitride is deposited. The silicon is then ewdh the Herschel Space Observatory [6]. This is a wavelength
away to produce thin membranes of bare silicon nitride. €hesrange over which photoconductors can be used, but making
are mechanically strong, and make up both the absorber arfirays is gxtreme]y difficult. Bolpmeters were therefore-ch
its supports. A deposited metal film defines the absorbingen. despite requiring an operating temperature of 300 mK as
area, as well as providing leads to the thermistor; theskslea OPPOsed to a few K.
also control the thermal conductance to the absorber. The ab Evenwithout multiplexing, semiconductor bolometers have
sorber can be made as a mesh or “spiderweb” shape (Fig. 2gached their fundamental noise limits, and a new generatio
The low resulting cross-section reduces heat capacity #s weof instruments are being built employing superconductiag d
as exposure to ionizing radiation such as cosmic rays, buectors, often known as transition edge sensor (TES) detec-
a large cross-section is still presented to sub-mm radiatio tors. These offer lower fundamental noise limits, can be con
since the web spacing is much smaller than the wavelengtisfructed on silicon wafers on the scale of an entire array by
The bolometers can then either be broken out of the wafethin-film deposition and optical lithography, and can be mul
to make up an array of individual detectors [3], or left in the tiplexed with minimal noise penalty by using supercondugti
wafer to form a complete array [4]. electronics.

This approach enables the structure for many bolometers to A superconductor has a very large change in resistance over
be built up simultaneously, although the germanium thermisa narrow temperature range at the superconducting tramsiti
tors still have to be placed on the bolometers individudly.  but the resistance is nearly constant otherwise. To be lusefu
alternative is to use doped silicon as the thermistor materi as bolometers, the absorber must therefore be held at a pre-
Instead of placing germanium crystals onto bolometers fabeise temperature. The key to their successful use in astron-
ricated from silicon wafers, the thermistors can be made bymy was the realisation that if biased with a constant volt-
ion implantation of the silicon itself. Such bolometers éiav age (rather than current as is traditional with semicoridgct
had problems with excess noise (i.e. noise in addition tb thabolometers), an automatic feedback mechanism will hold the
caused by fundamental and unavoidable physical processegpsorbers on the superconducting transition for a widegang
However, it is now known that by making the ion implanted of heat sink temperature and absorbed power [7]. This be-
area thicker, the excess noise can be essentially remojed [Shaviour is essential to the operation of arrays, since d|

For both germanium and silicon, it is difficult to multi- many pixels to operate with a common bias supply despite the
plex the readout circuitry without introducing an unaceept fact that each pixel will have slightly different propestie
able level of noise. This puts a clear limit on the total possi  This solution did not make superconducting detectors im-
ble number of pixels, particularly since they must operate amediately useful. As with any detector technology, early de
very low temperatures, where the heat transmitted thrdugh t tectors did not reach fundamental noise limits due to variou
wires from room temperature, along with the heat generatedources of excess noise, and it has taken several yearsito ide
by the first stage amplifiers, is a serious issue. tify and reduce these noise sources. However, we are now at

Figure 2: Layout of a spiderweb bolometer.



Table I: A list of facility sub-mm instruments which are cemtly on the telescope. The status is operational unlegswite shown. The
number of pixels shown for SCUBA-2 is the ultimate number wh# arrays are installed.

Telescope Instrument  Wavelength(s) Pixels Technology pEeature Status

APEX LABOCA 870 um 295 NTD Ge 300 mK

ASTE AzTEC 1.10r2.3um 144 NTD Ge 300 mK

CsoO SHARC-II 350, 450 or 850m 384 lonimplanted Si 300 mK

CSO Bolocam 1.1or2.1mm 119 NTD Ge 300 mK

GBT MUSTANG 3 mm 64 TES 300 mK In commissioning
Herschel PACS 60 - 210m 2560 lonimplanted Si 300 mK  Awaiting launch (2009)
Herschel SPIRE 200 - 670m 326 NTD Ge 300 mK  Awaiting launch (2009)

IRAM 30 m MAMBO-2 1.2mm 117 NTD Ge 300 mK
JCMT SCUBA-2 450 and 85pm 10240 TES 100 mK In commissioning

the stage where many new sub-mm instruments are being busaturate.
with superconducting detectors, with some already in opera To give a snapshot of the detector technologies currently
tion (e.g. [8]). The total number of pixels in these instruntse  operational, Table | lists current sub-mm facility instremts
varies from a few hundred to over ten thousand. The foca{a facility instrument is one which is available for genarsé
planes in these instruments are generally made up from a méy astronomers). This does not include the considerable num
saic of several smaller arrays. These arrays vary in size fro ber of instruments (and telescopes) dedicated to cosmic mi-
tens of pixels (e.g. Refs. [8, 9]), to over 1000 pixels [10], crowave background studies. Future ground and space based
with each array having an independent multiplexer. Opegati instruments will require increased pixel counts and everto
temperatures are 300 mK or below. noise operation than current instruments. There is thexefo
The most ambitious instrument, SCUBA-2 [10], will con- considerable research and development being carried out, o
tain eight arrays, each with 1280 pixels. Each array cosatainvarious detector technologies.
32 columns, each of which has a multiplexer which reads out
the 40 pixels in the column. The control lines for the col-
umn multiplexers are shared, reducing the wire count from .
that required for 32 independant multiplexers. The number o3 Other technologies and future develop-
connections between the multiplexer and the detector wafer ments
is large, and they are achieved by having the multiplexer and
detector wafers bonded together with electrically conidgct  one technology which is currently receiving a large amount
indium bump bonds, in a similar manner to an infra-red detecyf attention is also based around superconductors, butaunli
tor array (Fig. 3). ) ) a TES operates in the fully superconducting state. In a su-
However, TES detectors are not without their problemsperconductor, electrons pair up into Cooper pairs. If it ex-
Fabrication of the multiplexing circuitry is quite compl®s-  ceeds the binding energy, the energy from absorbed rauiatio
pecially for large arrays, and the wire count is still quaegle. || preak some of these pairs, creating quasiparticless iEh
Increasing array sizes above those currently producedeill - simjjar to the creation of electron-hole pairs in semicandu

difficult. -Another problem is that if the absorbed power isors, except that the energy required is considerably small
sufficient to warm them above the superconducting tramsitio (- | meV as opposed td eV in silicon).

they saturate and will not operate at all. By comparisonjsem ' \yhen Cooper pairs are broken, the DC resistance will re-
conducting bolometers will still operate, with a sensifithat i zero, but the AC surface impedance will change. If the
reduces gracefully as the background poweris increasesl. Thynerconductor is built into a resonant circuit, the change

is & particular concern for space missions, where it can bgn,edance will cause a change in resonant frequency, which
hard to accurately predict the background radiation froen th .o pe detected. This principle is used in the kinetic induc-

telescope, and where nothing can be done if the detectors qQnce device, or KID. A big advantage of such a detector is
that many devices with slightly different frequencies can b

Detector wafer connected to a single HEMT (high electron mobility transis-
tor) amplifier, which in turn connects to a room temperature
W readout system. Therefore only a single coaxial cable tmroo
Multplexer wafer (sficon) temperature is required to read out hundreds of detectsrs, a
Bump bonds (indium) opposed to the many wires for a TES multiplexer. In addition,
fabrication of these devices is much more straightforwlaadt

the superconducting electronics in a TES multiplexer. An in
strument with KID detectors has already been operated on a

Figure 3: SCUBA-2 detector and multiplexer bonding method.
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ground-based sub-mm telescope to demonstrate the conceggtecting X and gamma radiation, where instead of respond-
a full camera is expected to be deployed in 2010 [11]. ing to the radiation flux, the detectors respond to the absorp

As with TES detectors, ultra low temperature operation istion of individual photons.  Since each photon is measured
required, though for different reasons. KIDs need to be-operseparately, it is possible to determine the energy, and thus
ated well below their superconducting transition tempest wavelength, of each photon. This has great appeal for X-
and the highest transition temperature of the materialshwhi ray astronomy and other applications, where the high energy
have suitable properties to form KIDs is approximately 1 K,resolution and detection efficiency compared with compgetin
driving operating temperatures below 300 mK. technologies justifies the complication of cooling the dete

Alternative technologies abound. One example is supercoriers to temperatures well below 100 mK. This is fortunate,
ducting tunnel junction (STJ) devices. Like KIDs, they oper since the result is that much of the development work can be
ate via pair breaking of Cooper pairs. The detection mechshared between the sub-mm and X-ray communities, and also
anism relies on a “tunnel junction” through which quasipar-expands the range of potential applications for such datect
ticles can travel, but Cooper pairs cannot. The operation isutside astronomy. Some detectors even operate at opiital a
therefore like a semiconductor photoconductor, excephfer infrared wavelengths, where they can measure the heatang du
smaller energy gap. A major limitation is that there is cur-to absorption of a single photon.
rently no practical way of multiplexing such devices.

Another area which is being developed is the use of Returning to sub-mm astronomy, the next few years
antenna-coupled detectors. Rather than having the radiati promise to be extremely interesting, with many new instru-
fall directly on the absorber of the detector, planar andenn ments coming on-line. In terms of development, it is not yet
are formed on a silicon wafer by lithography; these are couelear which technologies will dominate for the next generat
pled to planar waveguides, which then transmit the radiatio of instruments. One major goal at present is to develop detec
to the detectors. These can take advantage of developmetors for a space telescope with a cold (5 K) primary mirror.
carried out for coherent sub-mm systems. One advantage @b take advantage of the low thermal background from such a
such a scheme is that filtering can be carried out in the wavegnirror, detectors will have to be considerably more seresiti
uides rather than by placing optical filters in front of the de than those in any current instrument. Producing such detec-
tector. Furthermore, several filters can be used so thagthe rtors will be a big challenge, but one that many groups have
diation from a single antenna can feed a group of detectorgnthusiastically accepted, with TES detectors, KIDs, CMOS
each one detecting a different wavelength range. multiplexed semiconducting bolometers and many othertech

The technologies described here also have applications farologies being contemplated.
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