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ABSTRACT

Complementary to the overview of the optical detector projects, this paper lists the infrared projects that have been
started or completed at ESO since the DfA2005 workshop [1]. New detector developments for the mid-infrared, the
implementation of innovative near infrared avalanche photo diode array designs for AO wavefront sensing and
interferometry and novel detector controllers on a single chip will be discussed as well. Reference will be made to the
topics which are presented in more detail in other contributions to DfA2009 [2].
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1. INTRODUCTION
Since the last detector workshop in Taormina (DfA2005), infrared focal plane technology has evolved further and large
infrared arrays and mosaics are now in routine operation at the VLT telescopes and at the VISTA survey telescope on
Paranal. The first of the second generation VLT instruments, X-Shooter, which is equipped with a 2Kx2K NIR HgCdTe
array, is now complete and two new instruments, KMOS and SPHERE, are under construction and will be equipped with
the same array types. The performance of the mid-infrared instrument, VISIR is inadequate because of the detector
performance. Therefore, a new Si:As array is being developed. At present, high speed infrared applications such as tiptilt, wavefront and fringe sensing in interferometers utilize PICNIC or Hawaii1 detectors which are limited by the
intrinsic noise floor of the CMOS readout multiplexers. This noise barrier can only be overcome by employing additional
processes such as the photon avalanche effect. To this end, ESO has initiated the development of an eAPD array. This
paper will describe this development along with some promising early results.

2. HAWK-I
HAWK-I is the new High-Acuity Wide-field K-band Imager for ESO’s Very Large Telescope [3]. It is equipped with a
mosaic of four 2K × 2K arrays covering the wavelength range from 0.9−2.4 μm. The imager has a field of view of 7.5’ ×
7.5’ with 0.1” pixels. The camera uses only reflective optics. The filters have excellent throughput and the detectors have
quantum efficiencies exceeding 80% over the entire spectral range [4]. This results in an extremely high overall
throughput of ~ 60% in Y, J and H band and ~50% in K-band which includes the QE of detectors.
The four detectors of the HAWK-I mosaic are 2K × 2K Rockwell Hawaii-2RG HgCdTe MBE arrays with 2.5 μm cutoff.
The arrays are grown on a CdZnTe substrate which has not been removed. The mosaic mount is the standard GL
scientific mosaic package developed for the JWST. It is shown in the left image of Figure 1. The four fan-out boards
with filters and antistatic protection for clocks and bias voltages and the preamplifiers for the 132 video channels of the
mosaic (4 x 32 video channels + 4x1 channels for the guide window) are contained in the two aluminum boxes
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on the back side of the mosaic close to the detectors as shown in the right image of Figure 1. The design of the cold
preamplifiers is symmetric to form a true differential signal chain [6]. The preamplifiers are built with linear CMOS
opamps (LinCMOS TLC2274) which work well at detector temperatures as low as 40 K.
The IRACE acquisition system can read all 132 channels simultaneously. This allows the readout of the full detector
mosaic in 1.3 seconds which is adequate for all HAWK-I applications. For the foreseen ground-layer adaptive optics
system which is expected with the advent of the VLT adaptive secondary mirror in 2012, a fast read out of a guide
window is available to acquire a Natural Guide Star and perform the tip-tilt correction at frequencies of about 100 Hz.

Figure 1 HAWK-I mosaic with 2x2 2Kx2K Hawaii-2RG λc=2.5 μm MBE arrays. Left: front side of GL scientific
mosaic package mounted in alignment ring for focus and tip-tilt adjustment. Right: backside of mosaic mount
with cold CMOS preamplifier boards for 132 video channels and flex boards as mounted in the HAWK-I
instrument.
In HAWK-I, novel readout modes were tested on sky such as tip tilt correction with the guide window or threshold
limited integration (TLI) which allows to extend the dynamic range of the detector. The TLI mode can easily be
implemented in the sample-up-the-ramp or nondestructive readout mode which is the default mode of all IR detectors in
ESO instruments [4].

3. VISTA
The VISTA Infrared Camera is a large survey camera built for a dedicated 4 meter telescope on Paranal (Visible and
Infrared Survey Telescope for Astronomy VISTA). The camera has a field of view of 1.65 degrees with a pixel scale of
0.34”. It has a large filter wheel with broad band filters for Z,Y,J,H and Ks band imaging [7]. The distinctive feature of
VISTA is the fact that it has no reimaging optics and provides only image correction for the f/3.25 beam of the telescope.
The camera has no cold pupil stop. Instead, it uses a set of cold baffles to block out the warm telescope and background
radiation as shown in the left image of Figure 2. The baffles have a solar coating which absorbs wavelengths shortward
of 3μm and is highly reflective longward of 3μm. This coating serves two purposes. It reduces stray light and reduces the
cooling of the entrance window.
The focal plane of VISTA has 64 Megapixels and is the largest infrared focal plane in operation at any telescope. It
consists of 16 Raytheon VIRGO 2Kx2K HgCdTe LPE arrays with 2.5 μm cutoff grown on a CdZnTe substrate. The
arrays are mounted in the focal plane in a sparse mosaic configuration with the gaps between detectors being smaller
than the size of the individual array (see right image in Figure 2). The mean quantum efficiencies of the 16 detectors
have been measured as (J,H,K)=(90,96,92)%, the mean dark current is 1.2 e/pixel/s and the mean readout noise is 20.9 erms. The well-depths for the arrays range between 110,000 and 180,000 electrons [8].

Figure 2: VISTA camera. Left: entrance window with baffle system. Right: VISTA mosaic of 4x4 2Kx2K
Raytheon VIRGO LPE HgCdTe arrays.
All detectors are read out simultaneously by the standard ESO infrared control electronics IRACE with a total of 256
simultaneous readout channels [9].The complete focal plane can be read in less than 1second. The cold preamplifiers use
a design similar to the one used for HAWKI as described above. The 256 channel cryo amplifiers are located on four
PCBs on the back of the FPA frame. In operation they reliably deliver robust low noise performance. Just on time for the
DfA2009 detector workshop spectacular first light images taken with the VISTA camera were published [10]. One
example is shown in Figure 3.

4. X-SHOOTER
X-shooter is the first of the second generation VLT instruments [11]. It is a high-efficiency spectrograph observing the
complete spectral range between 300 nm and 2500 nm in a single exposure with a spectral resolving power R>5000. The
instrument is located at the Cassegrain focus of one of the VLT telescopes and consists of three cross-dispersed
spectrographs: UV, VIS and Near-IR. Each spectrograph has a fixed echelle grating and prism cross-dispersers. The light
is distributed to the 3 spectrographs by 2 dichroics. The near infrared arm covers the wavelength range from 1 – 2.5 μm
and is cooled by a liquid nitrogen bath cryostat [12]. The focal plane is equipped with a single Hawaii-2RG detector.
Only 1Kx2K pixels are needed for the optical field. The detector operates at 81 K.
During instrument assembly, integration and test (AIT) a science grade array was used which still had a CdZnTe
substrate. This substrate acts like a Fabry-Perot generating serious fringing with a fringe contrast of 1.4 as shown in the
upper image of Figure 4. The fringe separation and the refractive index of CdZnTe yielded the correct calculated value
for the substrate thickness of 862 μm. Since the spectrograph has flexure, fringing seriously reduces the advantage of
flatfielding. Fortunately, at the time of AIT a substrate-removed engineering array was already available. Replacing the
science array with the substrate-removed engineering array effectively eliminated fringing as can be seen in the lower
image of Figure 4. Since the engineering array had a science grade 2Kx1K area it was decided to permanently install this
array in the instrument [4].
Threshold-limited integration (see chapter 2) was implemented in X-shooter as well and proved to be particularly useful
to cope with the high contrast of spectra taken with long deep exposures. Furthermore, a new mode called global reset

detrapping, which is a new mitigation strategy to reduce image persistence, was developed in X-Shooter and successfully
tested on sky [5].

Figure 3: First light image of VISTA taken through J, H and Ks filters. Star-forming region NGC 2024 in the
constellation of Orion. The image shows about half the area of the full VISTA field and is about 40 x 50
arcminutes in extent. Total exposure time was 14 minutes. For details and high resolution image see:
http://www.eso.org/public/images/eso0949.

Figure 4: Fringing in XSHOOTER. Top: Spectrum on Hawaii-2RG array and CdZnTe substrate, fringe contrast
1.4. Bottom: Spectrum with Hawaii-2RG array and CdZnTe substrate-removed, no fringing.

5. KMOS
KMOS is a fully cryogenic near-infrared multi-object integral-field spectrometer which is another second-generation
instrument currently under construction for the VLT [13][14]. The selection of objects is provided by 24 configurable
pick-off arms that operate at cryogenic temperatures and position fold mirrors at user-specified locations in the Nasmyth
focal plane (see left image in Figure 5). The sub-fields thus selected are then magnified onto 24 image slicer integral
field units (IFU’s) that partition each subfield into 14 identical slices, with 14 spatial pixels along each slice. Light from
the IFUs is dispersed by three identical cryogenic grating spectrometers which generate 14 x 14 spectra, each with 1000
spectral resolution elements, for all of the 24 independent sub-fields. The focal plane of each spectrometer is equipped
with a single 2Kx2K Hawaii-2RG substrate-removed HgCdTe detector. The detectors are mounted on a motorized focus
stage (see right image in Figure 5). The three detectors of the spectrometers are clocked and read out simultaneously by
the new 96-channel NGC system [15]. The readout time of all three detectors is less than a second.
The instrument is now in the AIT phase. First spectra have been obtained with the stand-alone spectrometer. The pick-off
arms comply with all specifications, when operated at cryogenic temperatures. At the present time one spectrometer with
the IFU and pick-off arms is being assembled for first end-to-end tests of the instrument.

Figure 5: Left: Cryogenic KMOS pick-off arms. Right: Hawaii-2RG array mounted on KMOS motorized focus
stage with flex boards and preamplifiers in aluminum box on right side.

6. SPHERE
The high contrast planet finder SPHERE is the third of the second-generation VLT instruments, which currently is
undergoing AIT. SPHERE is built for direct detection of extra-solar planets [16]. The high spatial resolution will be
delivered by SAXO, an extreme AO system with a deformable mirror having 41x41 actuators and a high contrast
coronagraphic mask. The infrared detectors of SPHERE will be delivered with NGC data acquisition systems. The
Differential Tip-Tilt loop which centers the beam on the coronagraphic mask and corrects for differential tip-tilt between
the visible and the infrared channel requires an infrared sensor. The Hawaii1 1Kx1K Teledyne array was selected for this
application. The NGC system directly interfaces to the SPARTA real time computer of the AO system. The differential
imaging camera IRDIS operates in dual band imaging mode and provides images in two neighboring spectral channels.
IRDIS is equipped with a single 2.5 micron cut-off Hawaii-2RG array of which only 1Kx2K pixels are used. The second
instrument of SPHERE is the integral field spectrograph IFS. Even though the IFS only covers the spectral range of 0.95
to 1.65 μm, a 2.5 micron cut-off Hawaii-2RG array was also selected for this instrument. This was done to minimize the
manufacturing risk (2.5 micron material is a standard product) and to allow a larger number of detectors available for
selection of the the best detector.

7. MID-INFRARED ARRAY DEVELOPMENT
The VLT mid-infrared instrument VISIR is currently equipped with two 256x256 Si:As blocked impurity band focal
plane arrays from DRS Sensors. These arrays only exploit 25% of the VISIR focal plane which was oversized to allow
upgrades to exploit future advances in detector technology. Since the current DRS detectors also exhibit several serious
performance problems and limitations, due mainly to increased electronic noise and artifacts appearing at the low
operating temperatures. For these reasons, ESO has launched a new development of a high flux 1Kx1K Si:As array for
ground base applications at Raytheon Vision Systems. This array is called AQUARIUS and it is a derivative of the MIRI
arrays developed for the James Webb Space Telescope [17]. The AQUARIUS detector will also be used in the VLTI
interferometer instrument MATISSE. The unit cell design of the AQUARIUS array is a simple source follower per
detector (SFD). The integrating node capacitance and thus the corresponding storage well and gain are switchable. The
array has 64 video outputs, 32 at the bottom and 32 at the top, to give a possible frame rate of 120 Hz. The readout of a

window containing the central rows of the array is possible, but only complete rows can be read. The specifications for
the AQUARIUS array are given in Table 1. Fist light with hybridized sensor chip assemblies have recently been
achieved. A first light image is shown in Figure 6.
Table 1: Specifications of the Aquarius array
Parameter
Format
Pixel Size
Spectral range
Readout Structure
Readout modes
Mean Input Referred Noise
(high gain, off-FPA CDS)
Maximum Frame Rate
Number of Outputs
Windowing
RQE at -2V bias
λ=3-5 μm
λ=8-14 μm
λ=16-22 μm
Dark current
Typical Integration
Capacity
High Gain
Low Gain
Operating Temperature
Power dissipation
Packaging

Value
1024 x 1024
30 μm
5-28 μm
SFD
Uncorrelated, double correlated, nondestructive
<1000 e-rms low gain
< 100 e-rms high gain
120 Hz
16, 64 (32 per side)
Centered windowing
>20%
>50% w/AR coat
>50% w/AR coat
< 2 103 e/s/pixel
1 x 106e15 x 106e6 – 10 Kelvin
100 mW
124 pin LCC package

Figure 6: First light image with an AQUARIUS array obtained in 16 channel mode. Difference image of light
source on and off.

8. ASIC DEVELOPMENT
At an early stage, ESO has procured a SIDECAR ASIC which has all the functionality of the FPA drive electronics as well
as analog to digital conversion integrated on a single CMOS device [18]. The ASIC operates at cryogenic temperatures and can
be placed next to the cold detector. It has a fully digital interface.
In a first step a 2K×2K silicon PIN diode array hybridized to a Hawaii-2RG multiplexer (HyViSI) was read out in 32-channel
mode with the ASIC via the JADE2 card interface provided by Teledyne. The performance achieved with the ASIC and the
standard ESO controller IRACE was comparable [19]. In a second step an FPGA based interface was developed at ESO which
replaces the JADE2 card and seamlessly embeds the ASIC into the standard ESO environment of NGC which interfaces to a
pci bus card and performs all real-time preprocessing on a Linux based PC. Thus the pci-bus interface and all the preprocessing
tasks developed for NGC could be reused for the ASIC without modifications. At present, the interface uses only a single
LVDS channel which minimizes throughput but an extension of the card functionality to 16 parallel data lines is planned, thus
increasing the bandwidth to ~800Mbit. This will allow testing the fast output amplifiers of the H2RG detectors at 10 MHz pixel
read speeds [20].

9. APD SENSORS FOR ADAPTIVE OPTICS
Infrared wavefront sensors of adaptive optics systems and fringe trackers in interferometers have to be read at frame
rates of >1kHz to comply to the bandwidth requirements of the control loop. If no bright stars are in the field to be
observed, signal levels are small and the performance of the control loop will be limited by the readout noise of the IR
sensor. The sensors are hybridized to CMOS multiplexers which have an intrinsic noise level limiting the sensitivity of
the system. In the past two decades since the introduction of the NICMOS array on Hubble there has been little progress
in reducing the CMOS noise. Any noise improvement has been made through the reduction of the node capacitance by
smaller pixels [22]. The readout noise is ~ 30 e-rms for PICNIC arrays operated at 220kHz/channel[21]. Several attempts
have been made to improve this noise figure by designing more elaborate circuits in the pixel unit cells of the multiplexer
using two-stage capacitive transimpedance amplifiers (CTIA). However, because of parasitic stray capacitance which is
difficult to control, it is not easy to raise the conversion gain of the CTIA to a level of 1mV/electron and keep the
detector output stable at high speed [23].
A new and promising approach to overcome the CMOS noise floor is the deployment of the avalanche effect in the
infrared photodiode itself (APD). By applying a large bias voltage across the depletion region of the diode junction the
charge generated by an absorbed photon is accelerated in the electric field of the junction and gets enough energy to
generate secondary charges by impact ionization. Depending on the bandgap and the applied voltage this avalanche
effect creates a charge packet of 10 to 1000 electrons per photon, which in the presence of CMOS noise is much easier to
detect than a single electron. HgCdTe is an ideal material and is superior to silicon because the avalanche gain does not
introduce excess noise. This means, that the noise at the input of the APD diode is equal to the noise at the output times
the APD gain, whereas in silicon the excess noise factor is ~ 2 to 3. The noise-free avalanche gain in HgCdTe is due to
two facts. First, the HgCdTe is a direct semiconductor and no phonons are needed for the electron to make a transition
from the valence to the conduction band. Second, the mass of the electron is much smaller than the mass of the hole.
Hence, for cut-off wavelengths λc>2.2 μm pure electron avalanching occurs in HgCdTe and holes do not contribute to
the APD gain. Therefore, they do not add noise or spread the signal response of an absorbed photon on the time axis[24].
The APD gain has already been utilized for laser-gated imaging applications by the British company SELEX for several
years [25][26]. In their targeting systems they use HgCdTe eAPDs for 3-D imaging. The sensors have a cut-off
wavelengths of λc=4.5 μm. Making use of this experience ESO has launched a development program with SELEX to
explore the applicability of this technology to IR AO wavefront sensors [27]. In laser-gated imaging applications the
integration times are ~ 20ns and the dark current at large bias voltages is not relevant. However, for infrared wavefront
sensing the integration times are in the millisecond range and the shot noise of the dark current of λc=4.5 μm material
already limits the readout noise to > 80 e-rms, even for such integration times as short as 1 ms. Hence, the goal of a predevelopment study was to grow LPE HgCdTe eAPD arrays with shorter cut-off wavelengths of between λc 2.4 μm and
2.65 μm and investigate, whether the dark current scales with wider band-gaps. The HgCdTe material was hybridized by

the loophole interconnect technology to an existing, non-optimized 320x256 pixel multiplexer developed for laser gated
imaging. The pixel pitch is 24 μm and the array has 4 video outputs operating at 5 MHz. A high speed version of NGC
was developed to read out the array at 5 MHz per channel. The high speed NGC has fast clock drivers ( Trise/Tfall < 10ns)
and 8 video channels with 40 MHz pipeline ADC’s [15]. Fast cryogenic CMOS preamplifiers (OPA 350) were used to
amplify the video signal on the detector fan-out board. For an avalanche gain of 10 the measured dark current at 60 K is
61e/s/pixel. These results confirm that the avalanche gain and dark current of 2.65μm cut-off LPE/loophole diode arrays
makes them suitable for AO and interferometry applications. In the ESO test camera IRATEC, which has a cold Offner
relay three arrays with variable junction diameters optimized for the best signal and avalanche gain were tested. A test
pattern with a grid of holes was put into the image plane and illuminated by an extended blackbody. Thus a pattern of
calibrated flux was imaged onto the detector. Figure 7 shows an image taken with single DCS. The contrast in the image
corresponds to 6.6 electrons/pixel. In the image on the left side of Figure 7, the APD gain of the array was set to 1 and on
the right side the APD gain was 7.34. The test pattern can only be seen when the array is taking advantage of the noisefree APD gain.

Figure 7: Test pattern consisting of a grid of holes imaged onto APD array measured with single DCS. Average
over 10 exposures. Flux contrast 6.6 electrons/pixel. Integration time 7.6 ms. Left: APD gain=1. Right: APD gain
7.34.
Since the gain of the preamplifier in the present set-up was low (gain = 4), the readout noise was also limited by the
system noise of the data acquisition system. Measurements with higher gain are planned. Notwithstanding the low gain,
the multiplexer allows operation of the array in the nondestructive readout mode and reducing the readout noise by
multiple sampling techniques. In Figure 8 the measured readout noise is plotted versus the number of nondestructive
readouts. The expected readout noise is plotted as a dashed line. With 8 Fowler pairs the readout noise is 3 e-rms while
reading out the 4 video channels with a pixel rate of 5 MHz.
The development of a multiplexer dedicated to AO wavefront sensing with 32 video outputs and windowed readout will
fulfill all requirements of an infrared wavefront sensor. Extrapolating the data already obtained with the non-optimized
device, as it was tested then a 32-channel multiplexer would need only 48 conversions to read 48 spectra of a fringe
tracker (GRAVITY design). This would allow for 52 Fowler pairs or 104 nondestructive readouts for integration times of
1 ms, which should result in even lower readout noise than the 3 e-rms obtained with a pixel rate of 5 MHz measured
with the present device.
In the framework of an extension of the current APD study we will vary the cut-off wavelength of the HgCdTe material
to further explore the parameter space for the development of a specialized infrared sensor for adaptive optics and
interferometry applications.

Figure 8 Noise of SELEX eAPD array operated with ADP gain of 7.34 as a function of number of nondestructive
readouts. Diamonds: measured values. Dashed: Noise DCS / SQRT(n/2) with n being the number of
nondestructive readouts.

10. CONCLUSIONS
Because of their excellent performance characteristics large format HgCdTe arrays have become the workhorses of
second generation VLT instruments. A Mosaic with 64 Megapixels is now in routine operation at the VISTA survey
telescope. Larger formats with ASIC readouts will lead the way to even larger focal planes for the ELT. A new
development of 1Kx1K mid-infrared high flux devices is already producing first arrays. For high speed applications as
sensors in control loops of AO systems and interferometers the most promising technique to overcome the noise barrier
of CMOS multiplexers is the noise-free amplification of the signal in HgCdTe by utilizing the APD gain.
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