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Introduction

The Swiss Light Source (SLS) Detector Group at the Paul Scherrer Institut (PSI) has successfully been
developing hybrid detectors for synchrotron and X-ray Free Electron Laser (XFEL) applications for
more than a decade [1]. Single photon counting detectors pushed significantly the development of hard
X-ray diffraction techniques, while charge integrating detectors promise to contribute in the next few
years to science at XFELs and to extend their range of operation to synchrotron applications [2].

MONCH stands for Micropixel with enhanced pOsition rEsolution usiNg CHarge integration and takes
its name from a Swiss mountain, like all other detectors developed at PSI. Its development started in
2013 in order to explore the limits of hybrid detectors in terms of electronic noise, dynamic range and
spatial resolution [3].

Its unique 25 um pixel pitch allows direct conversion imaging with high spatial resolution that can be
improved beyond the pixel pitch using interpolation techniques. Even at this small pitch, a bump-bond
yield higher than 99.95% has been achieved on the 400x400 pixels (1x1 cm?) MONCHO0.3 prototype
using the standard indium solder bump technique developed at PSI [4].

The outstanding low noise of less than 150 eV r.m.s. allows the detection of 12 keV photons with a
Signal-to-Noise Ratio (SNR) higher than 80, 700 eV photons with a SNR close to 5 or equivalently
provides an energy resolution of about 350 eV FWHM [5].

A large dynamic range up to 1E3 - 12 keV photons or 1.5E4 - 700 eV photons can be achieved by
adjusting the gain of the detector such that the noise is always limited by the Poisson fluctuations on
the number of photons rather than by the electronics.

Dynamic gain switching will be implemented in the next prototype in order to perform high intensity
single shot experiments [6]. At the same time, the low leakage current given by the small pixels allows
dead-time free operation at synchrotrons with an exposure time up to 5 ms even at room temperature,
while for time resolved studies a frame rate of up to 3 kfps can be achieved (6 kfps with a redesign of
the readout board). Therefore, MONCH is suitable for both synchrotron and XFEL experiments.

Over the last few years three detector prototypes have been characterized and used for several pilot
experiments at the SLS. In this work we present the preliminary results obtained in applications where
we foresee a stronger impact for MONCH: soft X-ray detection, high resolution and energy resolved
imaging at higher energies.

Soft X-ray applications
Many synchrotron applications rely on soft X-rays because of their high cross section for thin samples

and for specimens containing light elements. Moreover many elemental edges which can be exploited
for resonant scattering and spectromicroscopy are placed at energies below 2 keV, e.g. K-edges of light



elements and L-edges of 3d transition metals which are relevant to study copper based superconductors
or magnetic thin films [7, 8, 9, 10].

Single photon counting detectors are not suitable for low energies, since the charge produced by single
photons (less than 200 electrons for 700 eV photons in silicon) is comparable to the electronic noise
and therefore cannot be discriminated. The low noise performance of MONCH allows the detection of
700 eV X-rays with a SNR close to 5, which is normally defined as the single photon resolution limit
[11]. Moreover, being a charge integrating detector, it can also detect multiple photons of energies
lower than 700 eV, losing single photon resolution but producing images which scale linearly with the
number of photons.

As an example of possible applications, figure 1 shows the resonant magnetic diffraction pattern of an
array of ferromagnetic nanoislands arranged in a square lattice (also known as “artificial spin ice”) [12]
acquired at the RESOXS experimental station at the SLS [13]. The large dynamic range of the detector
allows the simultaneous detection of first order Bragg peaks as well as magnetic peaks, the specular
reflection and part of the direct beam. The detector can operate in absence of a fast shutter and even in
case of saturation it does not suffer from radiation damage. The image also shows a wave pattern in the
low intensity background which is due to a non-uniform entrance window of the detector (backplane
doping rings). The backplane of the detector consists of a doped junction necessary to apply the bias
voltage to the sensor which is insensitive to radiation and reduces the quantum efficiency at low
energies. In collaboration with sensor manufacturers, we are trying to reduce the thickness of this
entrance window down to at least 200 nm in order to achieve a quantum efficiency higher than 50%
down to 500 eV (compared to the current 10% with an entrance window approximately 1 pm thick).

The fast framing capability of the detector up to a few kfps and the dead-time free operation make fast
scanning applications possible. Figure 2.a) shows one of the diffraction patterns acquired with
MONCH at the SIM beamline of the SLS during a ptychographic scan of a magnetic FeGd
microstructure on a SiN membrane using circularly polarized light [14].

The position sensitivity of MONCH allows performing ptychography experiments with a resolution
which is not limited by the beam size as in STXM experiments. Figure 2.b shows the ptychographic
reconstruction of the same magnetic FeGd microstructure using circularly polarized light, where areas
of different intensities correspond to oppositely magnetized out-of-plane domains. For this
reconstruction, 100 images with 1 ms exposure time have been summed up for each scanning step in
order to improve the statistics and reduce the data throughput.

The position sensitivity also proved very useful for aligning the microscope and fast framing at 1 kHz
allowed the detection of vibrations of about 20 nm in the chamber which limit the ultimate achievable
spatial resolution of the setup.
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Figure 1: Image of the diffraction pattern of an artificial spin ice obtained at 708 eV. Thanks to the
large dynamic range the Bragg and magnetic peaks can be detected simultaneously as well as the
specular reflection and part of the direct beam.
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Figure 2: a) Image of the diffraction pattern of a magnetic FeGd nanostructure on a SiN
membrane in a ptychographic scan acquired at 711 eV using circularly polarized light. b)
Ptychographic reconstruction of the same sample using 400 points arranged on a Fermat spiral.

b)

High resolution imaging

Direct conversion detectors like MONCH provide a high Detective Quantum Efficiency (DQE)
thanks to their single photon resolution. Moreover, the Point Spread Function (PSF), which is a
figure of merit of the spatial resolution, is close to a single pixel i.e. 25 pum in the case of
MONCH. This allows low dose imaging with an adequate segmentation for many in situ or in
vivo biological imaging applications as shown in [15].

The diffusion of the charge generated by the X-rays during the charge collection process inside
the silicon sensor is of the order of 20 um for 320 um thick silicon sensors with 120V bias
voltage for hard X-rays. When the cloud overlaps with two or more pixels, it is split among
them (charge sharing) and in case of sparse photon hits it is possible to achieve a spatial
resolution of a few microns using dedicated interpolation algorithms which exploit the analog
information provided by the charge integrating readout of MONCH [16]. This high spatial
resolution cannot be obtained by reducing the pixel size due to technological limitations in the
optical lithography involved in the sensor fabrication, the bump bonding process, the design of
the readout electronics for hybrid pixel detectors and to the charge diffusion process itself.

Figure 3 shows the absorption image of a gold on silicon sample fabricated at PSI depicting the
Eiger, Monch and Jungfrau mountains acquired using 15 keV photons at the Material Science
beamline of the SLS [17]. The top image is acquired using the physical 25 um pixel size of the
detector, while the bottom image is binned to 1 um virtual pixels after applying interpolation
algorithms. The spatial resolution is clearly improved and the 7 um wide cross in the flag over
the central peak is made visible.

The ultimate spatial resolution which can be obtained by applying interpolation techniques is
mostly determined by the charge collection time and the SNR of single photons and therefore
depends on several experimental parameters. The charge collection time mainly depends on the
sensor thickness, the bias voltage and the X-ray energy. The energy also affects the SNR and



consequently the accuracy on the measurement of charge sharing.

The spatial resolution is not uniform within the physical pixel: higher resolution is achieved
closer to the edges, while it degrades in the center, due to the reduced charge sharing [15].
Usually the spatial resolution ranges between 1-4 um r.m.s., depending on the position within
the pixel and on the experimental parameters. This high spatial resolution allows single shot
grating interferometry experiments by directly resolving the 4.7 um pitch fringes without the
need of scanning an absorption grating [16].

The main limitation of interpolation is the low flux and fast framing required in order to detect
isolated photons. With a maximum frame rate of 3 kfps, photons can be isolated in a 3x3 pixel
cluster up to a maximum flux of about 5E5 photons/s/mm?. An improvement in the maximum
photon flux supported by interpolation can only come from a faster frame rate, which can be
obtained by increasing the data transfer rate and by further parallelizing the data.

The acquisition at this low flux remains very dose effective, but requires long exposure times
and does not allow the fast or time resolved experiments often performed at synchrotron
beamlines. However the supported flux is comparable to the one provided e.g. by transmission
microscopes where optics can be very inefficient, by fluorescence emission spectrometers or by
microfocus X-ray tubes.

Interpolation has been demonstrated down to at least 2 keV, where the SNR of single photons is
still sufficient to detect the charge sharing [4]. Interpolation in the tender X-ray energy range is
exploited in a Von Hamos spectrometer installed at the PHOENIX beamline of the SLS for
operation between 2 and 4 keV [18]. The MONCH detector sits in the energy dispersive plane of
the spectrometer, and directly records the spectra of the fluorescence lines. Figure 4.a shows the
image of the chlorine Kq1-Kq2 doublet taken with the MONCH detector. The y axis is the energy
dispersive direction (99 um/eV), while the width of the recorded line in the x direction reflects
the size of the segments of the segmented Si <111> crystal which is used in the spectrometer.

By interpolating to half of the pixel size (i.e. 12.5 um), MONCH provides an energy resolution
of about 125 meV per pixel, which could be pushed down of at least a factor two by binning to
smaller virtual pixels. Figure 4.b shows the spectrum obtained by integrating the image in the
horizontal direction, with an intrinsic energy resolution of the spectrometer of the order of 500
meV, i.e. still about 4 times larger compared to the one provided by the interpolated pixel size of
the detector. The needs of this application match the performance of MONCH particularly well,
i.e. low energy detection and high spatial resolution. Moreover the low flux due to the
fluorescence emission yield and optics efficiency can be well supported by interpolation without
any attenuation.

Energy resolved imaging

When detecting isolated photons, on top of improving the position resolution, it is also possible
to measure their energy with a resolution given by the electronic noise and by the cluster size
i.e. about 700 eV FWHM for 2x2 pixel clusters.

The spectroscopic performance combined with the position sensitivity can be exploited in a
wide range of X-ray applications using polychromatic beams e.g. Laue diffraction, or color
imaging (K-edge subtraction, material discrimination).

This capability is particularly interesting using X-ray tubes, where the flux is usually low
enough to detect isolated photons.

Figure 5.a shows the image of a gold on silicon sample fabricated at PSI superimposed to silicon



microspheres of a few hundred microns size acquired at a tungsten anode microfocus X-ray tube
with 40 kVp and 200 pA current. The pitch of the Siemens star ranges between 60 and 0.5 pm
and interpolation is necessary to resolve the higher resolution region. Spokes down to about 10
pm pitch can be resolved. Artefacts are present in the image, partially due to the challenges
given by the differences in charge sharing at different energies. Nevertheless, on top of
improving the spatial resolution, it is also possible to produce a full energy spectrum for every
pixel. Figure 5.b compares the measured X-ray spectra of regions with and without gold details.
The W characteristics lines are visible in both cases, while it is possible to observe the Au L-
absorption edges around 14 keV for the gold on silicon regions.

Figure 3: X-ray image of a gold on silicon sample fabricated at PSI depicting the Eiger, Mdnch and
Jungfrau mountains before (top) and after (bottom) interpolation to 1 um bins acquired with MONCH
at 15 keV at the Material Science beamline at the Swiss Light Source. The size of the Swiss flag on top
of the central mountain is 25 um and the line width of the cross inside is only 7 um i.e. much smaller
than the physical pixel size.
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Figure 4: Fluorescence lines of the chlorine Kai- Kq2 doublet, as measured with the von Hamos
spectrometer at an excitation energy of 2828.2 eV. a) Image of fluorescence lines taken with the
MONCH detector. Data are presented in color scale as logio(counts+0.01). The y-axis is the energy
dispersive plane. One pixel (12.5 um) corresponds to 99.04 eV. b) Resulting spectrum of Ka-Kg2
doublet. To derive the emission spectra from the MONCH raw data a region of 30 pixels of the x-axis
has been averaged. The lines mark the theoretical energies of the K (2622.39 eV) and K2 (2620.78

eV) emission lines.

a) 2

Normalized Counts (A.U.)
e 9 9 90 9 90 90 o0

—

S9N Wk O N D ©
[

— Silicon wafer

— Gold on Silicon

Energy (keV)

Figure 5: a) Interpolated image of a gold on silicon Siemens start with spokes ranging between 60 and
0.5 um pitch and silicon microspheres acquired at a microfocus X-ray tube and b) X-ray spectrum

measured in regions with and without gold details.



Conclusions and perspectives

The preliminary results obtained using MONCH have shown that two of the main flaws of
hybrid detectors, i.e. high noise and poor spatial resolution, can be overcome.

The low noise of MONCH allows detection of soft X-rays with single photon resolution even
below 1 keV. The main advantages of MONCH compared to monolithic detectors are the
usability in a wide energy range, the robust and reliable operation common to all hybrid
detectors, the fast framing and the large dynamic range. The detector does not suffer from
radiation damage at low energies and dynamic gain switching will be implemented in the next
MONCH prototype, allowing also for operation at XFELSs.

We aim at further reducing the electronic noise in order to obtain single photon resolution down
to about 500 eV. Some effort will also be required for improving the mechanics of the detector
for in vacuum operation and for the optimization of the quantum efficiency of the sensors below
1 keV.

Regarding high resolution imaging, MONCH combines the high DQE given by direct
conversion with high spatial resolution down to the micron level, which would be impossible to
achieve without interpolation. The ultimate spatial resolution could further be improved by
using silicon sensors up to 1 mm thickness, which also increase the quantum efficiency for hard
X-rays. Interpolation can satisfy the requirements of low flux applications, but faster frame rates
would be desirable to increase the maximum flux. Applications requiring combined energy and
spatial resolution will also be explored.

In the next years, the goal is to develop a large area detector targeting in particular soft X-ray
applications for the ATHOS beamline of SwissFEL. We plan detector modules of almost 2
Mpixels built by butting two 2x3 cm? readout chips bump bonded to a single sensor.

Great challenges in the electronic design arise from the constraints in the pixel area, in the
power consumption introduced by large number of pixels and in the parallelization required for
fast readout.

Even with the relatively low 100 Hz operation at SwissFEL, the data throughput will be about
200 MB/s per module. For synchrotron operation, frame rates 5-10 times higher are desirable,
implying a big effort in terms of processing, data reduction and storage.

It has been shown that the low noise and small pixel pitch of the MONCH detector open new
possibilities for various X-ray applications ranging from soft X-ray detection to high resolution
imaging. After successful experiments using prototypes, MONCH detectors of almost 2 Mpixels
will be built, expecting that they will be used in a wide range of applications both at
synchrotrons and XFELSs.
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