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ABSTRACT

The Pizelated silicon Drift Detector (PixDD) is a two-dimensional multi-pixel X-ray sensor based on the technol-
ogy of Silicon Drift Detectors, designed to solve the dead time and pile-up issues of photon-integrating imaging
detectors. Read out by a two-dimensional self-triggering Application-Specific Integrated Circuit named RIGEL,
to which the sensor is bump-bonded, it operates in the 0.5 — 15keV energy range and is designed to achieve
single-photon sensitivity and good spectroscopic capabilities even at room temperature or with mild cooling
(< 150€V resolution at 6keV at 0°C). The paper reports on the design and performance tests of the 128-pixel
prototype of the fully integrated system.

Keywords: X-ray spectroscopy, Time-resolved spectroscopy, Silicon Drift Detectors, X-ray timing, Single-
photon detectors

1. INTRODUCTION

High energy radiation from astrophysical objects is among the most useful messengers to study the behaviour of
matter under the extreme conditions of gravity, density and magnetism, that cannot be replicated on Earth. In
particular, the spectral distribution and time variability of the sources is a useful tool that can help constrain
the theoretical models and shed light upon the physics involved in some of the most violent phenomena in the
universe.
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Thanks to the maturity of the technology of both optics and radiation sensors, the 0.5 — 10keV band is
particularly suitable for this investigation. When imaging is not the primary concern, lighter and more compact
optical systems can be adopted, e.g. lobster-eye optics, for which the Point Spread Function (PSF) can be in the
order of one millimetre.*> The optimal pixel of a sensor underneath the optical system should therefore have
small enough pixels to oversample the PSF, but at the same time large enough pixels to limit charge sharing
and number of readout channels.

Detectors such as Si-PIN sensors have the important drawback of a large anode capacitance (~ pF), re-
quiring long shaping times which are incompatible with high-throughput astronomy. Moreover, their spectral
performances are not suitable for Fano-limited applications, especially when cooling power is not abundant. Like-
wise, despite being the most widespread technology in the field, Charged-Coupled Devices (CCDs) suffer from
limitations, mainly due to them being charge-integrating devices, thus requiring low operating temperatures®®
(< =70°C) to limit the build-up of leakage current in the pixels. Furthermore, they are affected by dead time and
pile-up, particularly relevant in case of high-rate sources, and are therefore not suitable for photon-by-photon
spectral-timing studies under those circumstances. Newer technologies such as Depleted p-channel Field Effect
Transistors® ® (DEPFETSs) have excellent spectral and imaging capabilities, whose readout frame rates can reach
10kHz in the case of space astronomy missions,” or even a few MHz on ground.'® However, such operation still
requires a high power consumption, which poses some issues for satellite applications.

The PixDD project, short for Pizelated silicon Drift Detector, aims to develop an alternative multi-pixel
system based on the technology of Silicon Drift Detectors.'*'2 The device is to operate in the 0.5 — 15keV band
and it is to achieve good spectral resolution already at room temperature or with mild cooling (FWHM < 150 eV
at 6keV at 0°C). This goal becomes possible thanks to the development of a custom Application Specific
Integrated Circuit (ASIC), named RIGEL,'® to which the sensor is coupled via a bump-bonding process. The
project is a collaboration between the Italian National Institute for Astrophysics (INAF), with overall PI-ship
and responsibility for device testing, the National Institute for Nuclear Physics (INFN), in charge of the design
of the sensor, Bruno Kessler Foundation (FBK), responsible for the production of the detector, Polytechnic of
Milan and University of Pavia, for the design of the ASIC, and the Karlsruhe Institute of Technology (KIT), in
charge of the ASIC-to-sensor bump-bonding integration.

In this paper, the first characterization of an integrated PixDD-RIGEL system is presented. After an overview
of the sensor (Sec. 2) and the integration process with its readout chip (Sec. 3), the overall spectral features are
evaluated (Sec. 4), followed by an assessment of the sub-pixel response (Sec. 5).

2. THE PIXDD SENSOR

The PixDD sensor design takes advantage of the lateral depletion mechanism used in Silicon Drift Detectors to
reduce the size of the collecting anode, which translates into a smaller detector capacitance. This is a paramount
requirement to be able to perform soft X-ray spectroscopy with Fano-limited energy resolution.

Realized on a 450 pm-thick n-type (100)-silicon substrate with a resistivity of about 9k cm, the detector
is subdivided into 128 pixels arranged in a 16 x 8 matrix (Fig. 1). Each pixel has a square aspect ratio with a
300 pm-side, chosen to match the typical Point Spread Function of lobster-eye optics. The anode is a circular n*
implant with a diameter of 40 um covered by an aluminium pad of the same size. A 28 pm-circular opening of
the SiOq passivation layer of the sensor is arranged to allow the connection with the front-end ASIC by means
of gold-stud bumping and bonding (Sec. 3). Two pT cathodes surround the anodes, the inner one (called Low
Voltage cathode, Cry) has a circular shape on the anode side, with a non-implanted gap of 10 pm, and a square
shape (with rounded corners) on the side facing the second cathode (High Voltage cathode, Cyy) which is shared
between neighbouring pixels. The gap between Cyy and Cpy is 60 pm-wide in order to maximize the punch-
through threshold voltage Vin, pr between the two cathodes, defined as the voltage where the punch-through
current equals the leakage current of the cathodes. Due to the high resistivity of the substrate, Viny,pr ~ 8 V at the
operative bias. An n-spray implant controls the equivalent oxide charge in the gap between the cathodes, natively
very low in the FBK production process. This very delicate region is furthermore shielded from environmental
influences thanks to a positive field plate connected to Cry.
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Figure 1: Simplified view of the PixDD sensor. Left: single pixel. Right: matrix.

On the opposite face of the detector, a shallow p™ implant covering the full pixel array area is used as an
entrance window for the X-ray photons with a sizeable sensitivity down to the C — K,, energy'# (277eV). To
allow the peripheral pixels to maintain the same sensitive area of the inner ones, the entrance window extends
450 um toward the edge of the device, and a p™ implant, biased at the same potential as Cry, faces this region.

The full depletion of the sensor is reached with the window implant at —70V, while Cry and Cygy are biased
at —32V and —39V respectively. The FBK production process uses dedicated steps to reduce the leakage current
to below few hundreds pA cm~2 at room temperature (even reaching < 50pA cm™2, as in Ref. 15), thus each
pixel of PixDD can potentially have a sub-pA leakage current at room temperature. Together with an anode
capacitance < 35fF, such a low dark current allows to obtain Fano-limited energy resolutions without sensor
cooling, although this result also depends on the front-end ASIC and the coupling between the two devices.

3. THE BONDING PROCESS

The PixDD sensor is coupled with a RIGEL ASIC, which reads out the anodes and also provides the biases of
both Cry and Cpy. The connection between the two devices is enabled by a bump-bonding technique, which
ensures both an excellent fill factor of the sensitive area (i.e. fraction of successful bondings), and low parasitic
capacitance (i.e. good noise performances). To reduce the production costs typical of traditional bump-bonding
processes, and mainly due to photolithography, a novel bump-bonding technology has been developed at KIT.!6
Based on gold-stud bonding, this technique is able to produce metal bumps with diameters down to 30 pm, and
can also be tailored to specific detectors.

As a first step of the integration between the RIGEL and the detector, gold studs are placed on the specifically
designed passivation openings present on both the front-end cells of the ASIC and the anodes of the sensor
(bumping phase). This procedure requires bumps no larger than 40 pm and a position accuracy of only a few
micrometers (Fig. 2a).

After that, the proper bonding is performed via thermo-mechanical compression, i.e. the two devices are
heated up and they are are pressed together, allowing their respective gold studs to connect (flip-chip bonding).
In this case, the pick-and-place accuracy is better than 1pm between sensor and readout circuit. This feature,
combined with the optimised value of the bond force, temperature and process duration, results in high mechan-
ical strength and excellent electrical performance. Fig. 2b shows a cross-section of the final structure. After the
flip-chip process, the distance between the sensor and the ASIC is about 23 pm with a final deformation of the
bumps measuring less than 50 pm.

4. SPECTRAL RESPONSE

To assess the spectral performances of the system, the detector was illuminated with a radioactive **Fe source.
All measurements were taken in a thermally controlled room at a temperature of 20°C. At this stage of the
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Figure 2: Details of the bump-bonding process. Fig. 2a: gold-stud bump on the PixDD sensor cell. Fig. 2b:
cross-section of the bump-bonding between sensor and readout chip.
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Figure 3: 5°Fe spectrum recorded at 7' = 20 °C for a sample pixel.

characterisation, only one ASIC channel was activated at a time. The reason for this pixel-by-pixel acquisition
procedure came from the limited data transfer rate of the UART link between the FPGA and the control PC,
which stably supported only a rate of a few events per second, thus making matrix-wide acquisitions impractical
for detailed laboratory characterisation, due to the long exposure time they would otherwise require.

It must be noted that, from the start, a few pixels presented a very high low-energy noise level that could not
be reduced by adjusting the discriminator threshold. The corresponding ASIC channels were therefore switched
off for the entirety of the tests, implying that no characterisation with radioactive source was possible for them.

Fig. 3 shows the °°Fe spectrum measured by a sample pixel. Both the Mn — K, and the Mn — Kz lines
(at 5895V and 6490 eV respectively) feature noticeable low-energy tails, due to the incomplete photon charge
collection inside the pixel under study, which in turn results from charge sharing between neighbouring pixels
(this aspect will be discussed in further detail in Sec. 5). For this reason, instead of the customary Gaussian
profiles, it was decided to fit the spectral lines by using a Crystal Ball function,'” defined as
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Figure 4: Maximum measurable energy of all active pixels at T = 20°C. Fig. 4a: histogram of the recorded
values. Fig. 4b: map of the pixel-wise deviation from the goal value of 15keV. In the map, hatched pixels were
deactivated during acquisitions because of their high low-energy noise.

where

C= % exp<—f>/(n_ 1)
)

In the previous formulas, Gy is a normalisation factor, Ey is the line center, and o is the standard deviation of
the associated Gaussian profile, whereas o and n define its low-energy exponential tail. The Crystal Ball curve
takes into account the effects of partial charge collection, thus it limits the uncertainty deriving from choosing
the fitting intervals. The conversion from ADC units to electronvolts is then performed via a linear fit on the
calculated spectral line centres. The energy resolution is finally estimated as the Gaussian Full-Width at Half
Maximum (FWHM) of the line profiles, i.e. FWHM = 2,/2log2 ¢, with ¢ resulting from the Crystal Ball fit.
The fitting and calibration procedure is repeated on all active pixels of the matrix.

Fig. 4a presents the histogram of the maximum photon energy that can be recorded by each pixel, calculated
as the largest possible ADC reading (i.e. 1023 ADU) converted to energy, given the specific pixel-wise gain-offset
calibration. The most probable value of the distribution is exactly the design goal of 15keV, with a dispersion,
calculated as the boundaries of the Highest Density Region (HDR), of 10 — 15 % (68 %-HDR), compatible with
the inter-channel variability due to the fabrication process of the ASIC. If the geometrical distribution of the
pixels on the matrix is taken into account, as in Fig. 4b, no trend is apparent, and the distribution is flat within
the fluctuations.

The histogram of the energy resolution (FWHM) at the Mn — K,, line measured for each pixel is reported in
Fig. 5a for a shaping time of 7 = 1.8 ps. The distribution is peaked around 158+1416V and is clearly asymmetrical,
presenting a long tail towards larger line widths. Once the position of these hot pixels on the detector matrix is
taken into account (Fig. 5b), a large cluster of particularly poor-performing pixels becomes evident in the lower
half of the detector, with two elongated structures penetrating into the upper half. This is likely to be the result
of several defects on the entrance window of the sensor, formed during the flip-chip phase of the bonding process.
This conclusion is drawn from the fact that the pixels in question have performances comparable to every other
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Figure 5: Energy resolution (FWHM of the Mn — K, line) of all active pixels at T = 20°C and 7 = 1.8 ps.
Fig. ba: histogram of the recorded values. Fig. 5b: map of the recorded values. In the map, hatched pixels were
deactivated during acquisitions because of their high low-energy noise.
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Figure 6: Energy resolution as a function of shaping time and voltage applied to the entrance window. At
Vwin = —55V, the anodes are not connected to the bulk yet, therefore the leakage current of the detector is
negligible. At Vi, = —70V, i.e. the nominal mode of operation, the dark current of the sensor reaches the

anodes. Measurements were done by injecting an artificial charge of ~ 1653 e~ (corresponding to 6 keV in silicon)
to the test capacitors connected to the input pad of each analogue RPC of the RIGEL ASIC. Fig. 6a: pixel with
coordinates (4,2) in Fig. 5b. Fig. 6b: pixel with coordinates (2,4) in Fig. 5b.

pixel when the bias on the window is so low that the anodes are not connected to the bulk of the detector,
implying that both the anodes and the front-end channels of the RIGEL ASIC are working properly. On the
other hand, the curves of the spectral resolution versus shaping time (Fig. 6) highlight that largest contribution
to the noise of the hot pixels at nominal bias is the leakage current, which can be as high as two orders of
magnitude with respect to the value measured on the sensor before its integration with the ASIC (measured at
an average of a few pA per anode). The most probable explanation is therefore that the mechanical stresses
involved in the flip-chip bonding damaged the thin photon entrance window, thus causing the onset of several
charge generation centres.

If the calibrated events recorded by all active channels are considered together, the °°Fe spectrum of Fig. 7a
is obtained. For the whole system at room temperature, the energy resolution at the Mn — K, line is then
(191.2 £ 0.3) eV, corresponding to an Equivalent Noise Charge (ENC) of (17.69 £ 0.05)e,,,,. If the noisiest
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(most damaged) pixels are left out of the calculation by considering only those featuring a resolution better
than 300eV at 5.9keV, the results is the spectrum in Fig. 7b, whose resolution then becomes (177.4 +0.3) eV,
corresponding to ENC = (15.61 £ 0.05)

erms :

5. SUB-PIXEL RESPONSE

The sub-pixel response was investigated in the X-ray facility of the INAF-IAPS laboratories in Rome.'® Photons
from a commercial Fe-anode X-ray tube were collimated through a custom system to obtain a beam with a
FWHM =~ 20pm at the surface of the detector. Motorized linear stages allowed to position the beam with
micrometric precision.

A 400 pm x 400 pm square region roughly centred around the pixel located at coordinates (4, 6) was selected
for the study, and 121 positions, placed on a 40 pm-pitch grid, were illuminated. It is worth noting that the region
was purposely chosen larger than a single 300 pm x 300 pm-pixel in order to investigate the pixel boundaries.
Hence, a total of nine pixels were illuminated during the scan. However, two of them, i.e. (3,6) and (5,5), had to
be switched off due to unfavourable environmental conditions that made them temporarily noisy. For the same
reason, the threshold of the discriminators had to be kept at ~ 1.5keV.

Photon events were selected according to their multiplicity, i.e. the number of ASIC channels triggering at the
same time, to study the onset of charge sharing between neighbouring pixels. Fig. 8 shows the spatial distribution
of single events across the tested region of the detector, while Fig. 9 present the same for double events. For
each pixel, a flat central region is visible, spanning ~ 280 pm x 280 pm, where all counts are recorded essentially
by that pixel alone. Charge sharing occurs in a = 40 pm-wide boundary region between two neighbouring pixels,
although this is influenced by the low-energy threshold of each involved pixel. Even though they are not presented
for the sake of clarity due to their low statistics, the maps illustrating triple and quadruple events also behave
according to expectations, i.e. all multiple events are concentrated around the corners of the pixels.

6. CONCLUSIONS

In this paper, the first characterisation of the PixDD-RIGEL integrated system was presented. The spectral
measurements taken at room temperature were demonstrated to be consistent with the design goal of FWHM <
150eV at 6keV at 0°C. Although this was true for a large portion of the sensor pixels, a significant number
of them showed sub-optimal performances, due to a strong localised leakage current. This phenomenon was
interpreted as the result of defects on the thin entrance window, generated during the flip-chip phase of the
bump-bonding between the detector and the readout chip.
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Figure 8: Spatial distribution of single events around pixel (4,6). In each plot,  and y indicate the physical
distance with respect to the centre of pixel (4,6). The investigated region is enclosed with the dashed line,
whereas the solid grey lines indicate the pixel boundaries. Pixels (5,5) and (3,6) were switched off during the
tests.
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Figure 9: Spatial distribution of double events around pixel (4,6). In each plot, z and y indicate the physical
distance with respect to the centre of pixel (4,6). The investigated region is enclosed with the dashed line,
whereas the solid grey lines indicate the pixel boundaries. Pixels (5,5) and (3,6) were switched off during the
tests.
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The sub-pixel and inter-pixel response of the sensor was studied thanks to a micrometric X-ray beam, which
allowed to investigate the regions inside a cell and between neighbouring pixels. No zones with sub-optimal
charge collection were encountered, and charge sharing was measured to occur only in a limited band across the
boundaries between pixels.

Investigations are ongoing to solve the damaging of the sensor during bump-bonding, and more samples of the
integrated system are expected to be available for characterisation in a short time. Other aspects of the response
are also yet to be tested, such as the behaviour at lower temperatures, as well as the timing performances.
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