[image: image1]Resolving soft X-ray photons with a high-rate hybrid pixel detector

		ORIGINAL RESEARCH
published: 28 February 2024
doi: 10.3389/fphy.2024.1352134


[image: image2]
Resolving soft X-ray photons with a high-rate hybrid pixel detector
Viktoria Hinger1*, Rebecca Barten1, Filippo Baruffaldi1, Anna Bergamaschi1, Giacomo Borghi2, Maurizio Boscardin2, Martin Brückner1, Maria Carulla1, Matteo Centis Vignali2, Roberto Dinapoli1, Simon Ebner1, Francesco Ficorella2, Erik Fröjdh1, Dominic Greiffenberg1, Omar Hammad Ali2, Shqipe Hasanaj1, Julian Heymes1, Thomas King1, Pawel Kozłowski1, Carlos Lopez-Cuenca1, Davide Mezza1, Aldo Mozzanica1, Konstantinos Moustakas1, Giovanni Paternoster2, Kirsty A. Paton1, Sabina Ronchin2, Christian Ruder1, Bernd Schmitt1, Patrick Sieberer1, Dhanya Thattil1, Xiangyu Xie1 and Jiaguo Zhang1
1Paul Scherrer Institut, Villigen, Switzerland
2Fondazione Bruno Kessler, Trento, Italy
Edited by:
Lodovico Ratti, University of Pavia, Italy
Reviewed by:
Carlo Fiorini, Polytechnic University of Milan, Italy
David Pennicard, Helmholtz Association of German Research Centres (HZ), Germany
Dionisio Doering, Stanford University, United States
* Correspondence: Viktoria Hinger, viktoria.hinger@psi.ch
Received: 07 December 2023
Accepted: 07 February 2024
Published: 28 February 2024
Citation: Hinger V, Barten R, Baruffaldi F, Bergamaschi A, Borghi G, Boscardin M, Brückner M, Carulla M, Centis Vignali M, Dinapoli R, Ebner S, Ficorella F, Fröjdh E, Greiffenberg D, Hammad Ali O, Hasanaj S, Heymes J, King T, Kozłowski P, Lopez-Cuenca C, Mezza D, Mozzanica A, Moustakas K, Paternoster G, Paton KA, Ronchin S, Ruder C, Schmitt B, Sieberer P, Thattil D, Xie X and Zhang J (2024) Resolving soft X-ray photons with a high-rate hybrid pixel detector. Front. Phys. 12:1352134. doi: 10.3389/fphy.2024.1352134

Due to their high frame rates and dynamic range, large area coverage, and high signal-to-noise ratio, hybrid silicon pixel detectors are an established standard for photon science applications at X-ray energies between 2 keV and 20 keV. These properties also make hybrid detectors interesting for experiments with soft X-rays between 200 eV and 2 keV. In this energy range, however, standard hybrid detectors are limited by the quantum efficiency of the sensor and the noise of the readout electronics. These limitations can be overcome by utilizing inverse Low-Gain Avalanche Diode (iLGAD) sensors with an optimized X-ray entrance window. We have developed and characterized a prototype soft X-ray iLGAD sensor bonded to the charge integrating 75 µm pixel JUNGFRAU chip. Cooled to −22°C, the system multiplication factor of the signal generated by an impinging photon is ≥ 11. With this gain, the effective equivalent noise charge of the system is ≤5.5 electrons root-mean-square at a 5 µs integration time. We show that by cooling the system below −50°C, single photon resolution at 200 eV becomes feasible with a signal-to-noise ratio better than 5.
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1 INTRODUCTION
Photon science at soft X-ray energies (∼200  eV–2 keV) at Synchrotron Radiation (SR) sources and Free-Electron Lasers (FELs) fosters a diverse spectrum of research. Experiments exploit the presence of the K and L-edges of light elements and 3d transition metals to study, for example, photosynthetic water splitting [1] and fundamental excitations that govern phenomena such as magnetic ordering [2] and high-temperature superconductivity [3] in correlated materials. For organic samples, experimental techniques that access the energy range between the carbon and oxygen K-edges, the so-called “water-window” (277–525 eV), are particularly relevant. However, while the technological capabilities of next-generation X-ray sources are evolving at a rapid pace, detector systems are struggling to match the needs of experimental stations operating in the soft X-ray domain.
For many applications in the range of hard X-rays between ∼ 2–20 keV, silicon hybrid detectors are the state-of-the-art. The high data quality and count rates of single photon counting systems such as PILATUS [4] and EIGER [5] allowed unprecedented advancements in terms of throughput and sensitivity for experiments at SR facilities. Charge integrating hybrid detectors that implement dynamic gain switching on the pixel level such as AGIPD [6], ePIX [7], and JUNGFRAU [8], on the other hand, provide the high sensitivity and dynamic range necessary for FEL-based diffraction, spectroscopy, and imaging experiments.
In the soft X-ray range, it has thus far been difficult to exploit hybrid detector technology. The reasons for this are twofold. First, because of the shallow absorption depth of low-energy X-ray photons, a significant percentage of photons are absorbed in the non-sensitive entrance window of the sensor, and the such generated charge does not contribute to the signal. Second, if a soft X-ray photon passes through the entrance window and generates a charge in the sensitive detector volume, the resulting signal is small compared to the electronic noise of the detector. As a result, a single photon cannot be discriminated from the noise floor.
Instead of standard hybrid detectors, scientists mainly use Charge Coupled Device (CCD) cameras [9–11] and CMOS image sensors [12–14] for soft X-ray detection. These systems can provide low noise (i.e., better than two electrons r.m.s. [15]) and high spatial resolution (down to 5 μm pixel size [16]) but are limited in terms of available detector area and frame rate capabilities. With the DSSC imager [17, 18], on the other hand, a system based on hybrid technology exists for the soft X-ray range. The detector is tailored to the high-rate bunch structure of EuXFEL but is limited in terms of spatial resolution. In light of the trend toward ultra-fast, high-throughput experiments at next-generation X-ray sources, the need for soft X-ray detector systems that match the sensitivity, spatial resolution, frame rate, dynamic range, and available detection area of hard X-ray hybrid detectors becomes especially apparent.
The recent development of inverse Low-Gain Avalanche Diode (iLGAD) sensors optimized for soft X-rays [19] opens the prospect for high-resolution hybrid detectors operating in this energy range. This approach addresses the two limitations of current hybrid technology. A thin entrance window maximizes the number of low-energy photons reaching the sensitive sensor volume, and the intrinsic gain of the iLGAD amplifies the signal of soft X-ray photons, allowing discrimination from the electronic noise floor of the hybrid detector.
In this work, we assess the capabilities of a soft X-ray hybrid detector based on the charge-integrating JUNGFRAU readout chip. Owing to their low noise and high dynamic range, JUNGFRAU systems are in operation at many facilities around the world, supporting a large variety of applications at FELs and high-flux SR experiments. Consequently, a soft X-ray version of the detector is of particular interest for applications at next-generation high-brilliance coherent light sources and high-rate FEL facilities. We present performance studies of a first JUNGFRAU-iLGAD prototype. The detector response to low-energy photons was investigated using X-ray fluorescence measurements with different metal targets. Taking these results as a baseline, we discuss the prospects of JUNGFRAU-iLGAD systems for soft X-ray applications.
2 MATERIALS AND METHODS
2.1 The JUNGFRAU detector
The hybrid silicon pixel detector JUNGFRAU [8] was primarily designed for the high-flux, pulsed conditions at FELs but has since extended its use also to SR sources [20, 21]. The readout chip provides a maximum frame rate of 2.2 kHz for continuous image readout and combines a charge-integrating architecture with three linear, dynamically switching gains per pixel. One chip comprises 256 × 256 pixels with a pixel size of 75 × 75 μm2. A JUNGFRAU detector equipped with standard sensors and version 1.0 of the readout chip resolves single photons down to ∼ 1.5 keV with an average noise level of 52 electrons (e−) Equivalent Noise Charge (ENC) at a 5 µs integration time in low-noise high-gain mode (HG0). This corresponds to a Signal-to-Noise Ratio (SNR) of ∼ 8 at 1.5 keV. The noise level stays well below the Poisson limit over the full dynamic range of 104 photons at 12 keV [8].
The most recent version of the readout chip, labelled JUNGFRAU 1.1, includes additional measures to reduce the noise to facilitate soft X-ray detection [22]. It achieves an average noise of 34 e− r.m.s. in HG0 at a 5 µs integration time [22]–a 35% reduction compared to version 1.0.
2.2 Inverse Low Gain Avalanche Diodes (iLGADs)
LGAD sensors [23] were initially developed for applications in high energy particle tracking that require precision timing in the range of ∼ 10 ps. The sensors include an additional implant of high doping concentration (∼1016–1017 cm-3) below each sensor electrode. The resulting high electric field across the p-n junction promotes charge multiplication, amplifying the signal of an incoming particle or photon by a factor of 5–20 and generating an output signal proportional to the energy deposited in the sensor. This intrinsic signal amplification in the gain layer improves the SNR compared to a sensor without amplification.
However, standard LGADs for high energy physics cannot be used for photon science applications. This is due to two main reasons. To achieve better temporal resolution, the active sensors are usually thin (i.e., typically 50 µm) and therefore require a non-active carrier substrate on the back, which would block X-rays. Moreover, the fill factor of standard LGADs is less than 100% [24] because of the edge termination required to prevent premature voltage breakdown [25].
To make LGAD sensors suitable for soft X-ray detection, a number of design differences are required with respect to conventional LGADs for high energy physics. Inverse LGAD (iLGAD) sensors developed for soft X-rays [19] (Figure 1) are 275 µm thick and do not require any carrier substrate. They feature an optimized thin entrance window to improve the quantum efficiency at low photon energies. The entrance window includes a surface passivation with thin SiO2 and Si3N4 layers [26]. Moreover, the gain layer is continuous and located at the back of the sensor where X-ray photons enter (i.e., “inverse” to the conventional LGAD design, where the gain layer is segmented and located on the pixelated side of the sensor). In contrast to the conventional LGAD design, the inverse design provides a 100% fill factor and, with sufficiently small pixels, interpolation is possible, enabling a spatial resolution on the order of a micron [27]. This is required for several applications, including Resonant Inelastic X-ray Scattering (RIXS) experiments [28] at FELs and SR sources.
[image: Figure 1]FIGURE 1 | Schematic cross section of the edge of an iLGAD sensor and readout ASIC with indicated electric field lines. In the central region of the device (1), generated charge carriers travel through the gain layer and the pixels measure the amplified signal. In the border region (2), the generated charge carriers travel through the Junction Termination Extension (JTE) and, consequently, the pixels in this region measure the non-amplified signal. At the edge of the sensor, in region (3), the Current Collection Ring (CCR) or guard ring collects the generated charge carriers. The insert on the right shows the qualitative behaviour of the iLGAD multiplication factor as a function of the photon absorption depth, illustrating regions of hole-initiated and electron-initiated multiplication.
Because the gain layer of the iLGAD is located at the entrance window side, the multiplication factor depends on the photon absorption depth. This is illustrated in Figure 1. If a photon is absorbed before the gain layer, holes drift through the gain layer and initiate charge multiplication. In contrast, if the photon is absorbed beyond the gain layer, the multiplication is initiated by electrons. For photons absorbed within the gain layer, both electrons and holes initiate multiplication. The multiplication factors for electrons and holes differ depending on the gain layer design [29]. The first iLGAD R&D batch devised by the Paul Scherrer Institute (PSI) in collaboration with Fondazione Bruno Kessler (FBK, Trento, Italy) contains iLGADs with optimized thin entrance window and different gain layer designs labelled “standard,” “shallow,” and “ultra-shallow.” For the “standard” gain layer design1 investigated in this work, the hole multiplication factor is about 25% of the electron multiplication factor, as has been shown with simulations [19] and also reported in [29] with measurements. As a consequence of this design, hole multiplication is the dominant effect for photons with energies below about 500 eV.
2.2.1 JUNGFRAU-iLGAD prototype
For this work, we characterized the performance of a JUNGFRAU-iLGAD prototype. The iLGAD sensor was fabricated by FBK as part of the first iLGAD R&D batch targeting iLGADs for soft X-ray detection, devised in collaboration with PSI. The total size of the sensor is 2 × 2 cm2. It is made up of 75 × 75 μm2 pixels arranged in the standard 256 × 256 JUNGFRAU ASIC grid. On all sides of the grid, nine pixels are connected to the surrounding guard ring to collect the leakage current from the guard ring at the back and from the scribeline of the sensor (see Figure 1). This results in a total number of 238 × 238 active pixels. For the present study, a sensor with standard gain layer configuration was chosen because this design maximises the iLGAD multiplication factor. The sensor was bonded to a JUNGFRAU 1.1 readout chip (Figure 2). The quantum efficiency of the investigated iLGAD sensor and its gain layer design have been measured and reported by Liguori et al. [29].
[image: Figure 2]FIGURE 2 | 2 × 2 cm2 iLGAD sensor bonded to a JUNGFRAU 1.1 readout chip.
2.3 Characterization measurements
The sensor-chip assembly was operated at a sensor bias voltage of 200 V and illuminated with fluorescence photons at a lab-based X-ray source. Four different secondary metal targets were used to produce the fluorescence photons, namely, aluminium (Kα: 1.5 keV), titanium (Kα: 4.5 keV), chromium (Kα: 5.4 keV), and iron (Kα: 6.4 keV). These targets were chosen based on availability and considering the limitations of the lab-based setup to produce sufficient photon fluxes at lower energies. With this setup, the photon occupancy per single frame was at a level of 0.5%–4% for the investigated energies between 1.5 and 6.4 keV. The temperature of the system was regulated by means of a chiller connected to the front-end module with liquid coolant. The JUNGFRAU-iLGAD module was placed in a vacuum chamber flushed with nitrogen to a constant pressure of 10 mbar to prevent condensation at low temperatures and to minimize scattering and absorption of low-energy fluorescence photons before reaching the sensor.
Fluorescence spectra with a minimum of 10,000 images per acquisition point were taken for each metal target at eight chiller temperatures between −22°C and 15°C and at five different integration times between 5 µs and 100 µs. Datasets at a 10 µs integration time were acquired with higher statistics of [image: image] 200,000 images per temperature point. For each configuration, 1,000 dark images were acquired ahead of illumination with X-rays. The dark images are used to determine the signal offset (pedestal) and noise of each pixel. To account for the fact that the charge of a photon hit can be shared between neighboring pixels, the data were analysed using the cluster finding algorithm detailed in [30]. For all cases, the total charge generated by a photon hit is contained within a cluster of 2 × 2 pixels. Consequently, for the following analyses, we use the 2 × 2 clustered spectra.
3 RESULTS
3.1 Gain
The signal response of each detector pixel to a photon hit of a given energy (i.e., the total gain gtot of that particular pixel) is determined by two components: the conversion gain of the JUNGFRAU readout electronics gJF and the multiplication factor M of the iLGAD. From these two components, gtot is given as (Eq. 1)
[image: image]
We can determine the total gain of each pixel from a Gaussian fit to the measured spectra of the respective metal Kα-line as (Eq. 2)
[image: image]
Here, [image: image] refers to the mean of the Gaussian in ADC units (ADU), and [image: image] is the nominal energy of the Kα-line. The pixel-wise calibrated fluorescence spectra obtained with the JUNGFRAU-iLGAD prototype are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Energy calibrated fluorescence spectra (2 × 2 clusters) of four different metal targets (Al-Kα: 1.5 keV, Ti-Kα: 4.5 keV, Cr-Kα: 5.4 keV, Fe-Kα: 6.4 keV) acquired with the JUNGFRAU-iLGAD prototype at −22°C and 10 µs integration time. The energy calibration is performed on the pixel level with the Al-Kα peak as absolute reference point. The plot shows cumulative spectra across a region of 80 × 50 pixels.
For the JUNGFRAU-iLGAD, we can separate the two components of the total gain by comparing the signal spectra of the pixels bordering the guard ring with the spectra of the central pixels. Because the gain layer terminates at the pixels next to the guard ring (see Figure 1), charge carriers generated in that region do not travel through the gain layer and the pixels detect the non-amplified signal.
Figure 4 illustrates the difference between the non-amplified spectrum of the border pixels and the amplified spectra of the central pixels at different temperatures. From the border pixel spectrum, we can calculate the conversion gain gJF of the JUNGFRAU readout electronics without iLGAD multiplication equivalent to Eq. 2 from a Gaussian fit to the signal peak. We chose the Fe-Kα peak as reference for the gain calculation because at this energy the separation of the signal peak from the noise is sufficiently high also for the non-amplified border pixel spectra at all temperatures. However, where gain calculation using the lower energy peaks as reference is possible, the obtained values agree within statistical uncertainties. Across all border pixels, the such calculated conversion gain is constant with an average value of gJF = 146.4 ± 1.3 ADU/keV for all investigated temperatures. The typical variations of the conversion gain across the full area of a JUNGFRAU module, found from measurements with standard silicon sensors, are in the range of 3.5% [31]. These pixel-to-pixel variations cannot be accounted for in the separation of conversion gain and iLGAD multiplication factor performed in this work.
[image: Figure 4]FIGURE 4 | Clustered spectra of the Ti Kα-line (4.5 keV) in raw ADC units (ADU) measured with the JUNGFRAU-iLGAD prototype at a 10 µs integration time, with a noise cut-off at 5 × r.m.s. noise. Cumulative spectrum of the border region of the sensor (948 pixels) with the non-amplified signal at −22°C (black full circles) compared to the cumulative spectra across a region of 80 × 50 central pixels at varying temperatures, illustrating the temperature dependency of the multiplication factor.
To determine the iLGAD multiplication factor M, we compare the Fe-Kα peak positions of the border pixel spectrum and the signal spectra for each central pixel. From these measurements, M is given as (Eq. 3)
[image: image]
where μcentral is the per-pixel amplified peak position and [image: image] is the position of the non-amplified peak in the cumulative border pixel spectrum. The value of M varies across the area of the iLGAD (Figure 5A). In particular, we can identify two domains where the average values of M differ by about 10% (Figure 5B) with an approximate symmetry along one sensor diagonal. The dispersion of this distribution is much larger than the 3.5% variation of the JUNGFRAU conversion gain measured for standard sensors, and the magnitude of the difference between domains is too large to be congruent with temperature variations across the sensor. Consequently, we attribute the variations of M to variations in the doping composition of the gain layer.
[image: Figure 5]FIGURE 5 | Variation of the iLGAD multiplication factor M across the 2 × 2 cm2 sensor area measured at −22°C and a 10 µs integration time using the Fe-Kα line as absolute reference. (A) Pixel map of M. White regions indicate non-functional pixels (i.e., guard ring pixels, saturated, and dead pixels). The vertical artifacts are due to variations of the conversion gain of the chip. (B) Value distribution across all pixels, showing two different M domains.
The temperature trend of the multiplication factor is shown in Figure 6. We model the temperature dependency of M using a customized program that solves the one-dimensional Poisson equation, incorporating the doping profiles of the n+ layer, the gain layer, and the doping concentration of the silicon bulk. Boundary conditions are set at 0 and 200 V, representing the bias voltages applied to the iLGAD sensor. This simulation determines the electric field distribution within the sensor, particularly in the charge multiplication layer. Subsequently, the multiplication factor M, initiated by electrons traveling through the gain layer, is calculated at various temperatures. The calculation utilizes the impact-ionization coefficient for electrons and holes, which are functions of the electric field distribution, employing the Okuto-Crowell model with the optimized parameters extracted by Currás Rivera and Moll [32]. The doping profile of the gain layer is obtained through Silvaco2 process simulation, and its integrated dose is tuned until the simulated M aligns with the measurement results. The data points shown in Figure 6 correspond to the mean values of M within two different Regions Of Interest (ROI) of 11 × 11 pixels. We chose these small ROI to confine the modelling of M to regions with an approximately uniform distribution. In the simulation, we model the gain variations observed in the measurements by incorporating a difference of 1.25% integrated dose in the gain layer for the two ROI. The depth profile of the gain layer used in the simulation is the same for both ROI.
[image: Figure 6]FIGURE 6 | iLGAD multiplication factor M as a function of temperature. Comparison of measured values and simulation. The insert shows the linear behaviour of [image: image]. The measured data points correspond to the mean values of M within two 11 × 11 pixel ROI (xmin, ymin, xmax, ymax). Error bars represent the 1σ dispersion across all pixels of the ROI. For most data points, the dispersion is smaller than the plotted marker size.
3.2 Leakage current
The leakage current of the iLGAD sensor represents an important contribution to the overall detector noise. Because of the presence of the gain layer, the leakage current is also multiplied. Moreover, in a charge integrating hybrid detector such as JUNGFRAU, in addition to the photon signal, the leakage current is integrated. Consequently, the SNR decreases with increasing integration time. Particularly for SR applications, which operate at long integration times to maximize the duty cycle of the detector, the leakage current becomes a performance limiting factor.
We determine the leakage current from dark images acquired at different temperatures and integration times. For each pixel, at each temperature, we fit a linear function to the average dark signal of 1,000 images as a function of integration time. The leakage current per pixel is then calculated from the slope of the fit for each individual pixel and the conversion gain of the JUNGFRAU electronics gJF from Eq. 4:
[image: image]
Here, 3.6 eV is the average energy required to produce an electron-hole pair in silicon and q0 is the elementary charge.
Figure 7 shows the temperature dependency of the leakage current for the same two ROI used in Section 3.1 and the average across the full sensor area. At 15°C, the average leakage current per pixel is 134 ± 18 pA and decreases to 5 ± 1 pA at −22°C. We note that the average leakage current across the full sensor area is higher than for both investigated ROI for most temperatures. This effect is due to the impact of hot pixels on the full-sensor average and is mitigated at lower temperatures. Plotted on a logarithmic scale, the leakage current displays a linear dependency on 1/T. For a temperature difference of [image: image]°C, the leakage current changes by one order of magnitude. When lowering the operating temperature, the hybrid detectors using iLGAD sensors benefit from the lower leakage current and, consequently, lower noise and increased gain and, thus, a better SNR. Furthermore, we find that decreasing the operating temperature of the detector improves the pixel yield. For the investigated prototype, the average amount of non-functional pixels is 1.5% at 15°C decreasing to 0.8% at −22°C.
[image: Figure 7]FIGURE 7 | Leakage current of the JUNGFRAU-iLGAD as a function of the reciprocal of the temperature. Comparison of measured values and exponential fit. The measured data points correspond to the mean values within two 11 × 11 pixel ROI (xmin, ymin, xmax, ymax) and across the full sensor area. Error bars represent the 1σ dispersion across all pixels of the respective ROI.
3.3 Effective detector noise
From the pedestal fluctuations σ for each pixel, we calculate the effective Equivalent Noise Charge (ENCeff) in e− as (Eq. 5) 
[image: image]
We show the average ENCeff as a function of temperature for different integration times in Figure 8A and the corresponding average SNR for isolated 1 keV photons in Figure 8B. Both quantities follow an exponential trend as a function of temperature. At a 5 µs integration time and a temperature of −22°C, the JUNGFRAU-iLGAD system achieves an ENCeff of 5.5 ± 0.7 e− r.m.s., which corresponds to an SNR of 51 for single 1 keV photons when using single-pixel clusters. This becomes 25.5 for 2 × 2 clusters as the total noise of a cluster of N pixels scales with [image: image].
[image: Figure 8]FIGURE 8 | (A, C) Average effective ENC of the JUNGFRAU-iLGAD and (B, D) average SNR for 1 keV photons as a function of temperature for different integration times. Error bars represent the 1σ distribution across pixels. Panels (C) and (D) show the trends extrapolated to lower temperatures.
Figures 8C, D show the exponential trends extrapolated to lower temperatures. From this extrapolation, it can be estimated that in order to achieve an ENCeff [image: image] e− r.m.s. at a 5 µs integration time, the system will need to be cooled to at least −60°C. At this low temperature, the influence of the shot noise diminishes because the leakage current is reduced strongly. As a consequence, the system noise at −60°C will be dominated by the ASIC noise, and the ENCeff will be determined by the magnitude of the iLGAD gain. While the noise of the JUNGFRAU ASIC at such low temperatures needs to be verified experimentally, in a first, worst-case approximation, we can assume that it remains constant at the value of 34 e− r.m.s. stated in [22]. Hence, with an iLGAD multiplication factor of M ∼ 34, an ENCeff [image: image] e− r.m.s. would be feasible. If the trend of M shown in Figure 6 is extrapolated to lower temperatures, a value M > 30 is realistic below ∼ −60°C for the high-gain ROI. To verify this estimation, direct measurements of the noise of the JUNGFRAU-iLGAD system will need to be performed at lower temperatures.
Because of the dependency of the iLGAD multiplication factor on the photon absorption depth, the values stated above for the ENCeff are only valid for photon energies for which electron-initiated multiplication dominates. For the standard gain layer design and normal photon incidence angle, electron multiplication dominates at energies [image: image] eV. At lower photon energies, hole multiplication becomes important and M reduces by about a factor four [29]. For 200 eV photons at −22°C, the SNR becomes 1.25 with clustering and 2.5 without. According to the extrapolation of the SNR for 1 keV photons shown in Figure 8D, we estimate that a SNR [image: image] 5 for 2 × 2 clustered data can be obtained at 200 eV with the investigated iLGAD sensor at a 5 μs integration time by cooling below ∼ −50°C.
4 DISCUSSION
The characterization results of the JUNGFRAU-iLGAD prototype demonstrate that this technology will enable hybrid detectors to advance into the soft X-ray domain. The present study constitutes the first characterization of a JUNGFRAU system employing iLGAD technology. It adds to previous investigations, which demonstrated the capabilities of the combination of an iLGAD sensor with the charge integrating, small pixel pitch MÖNCH chip [19]. With the sensor cooled to −22°C, this soft X-ray version of JUNGFRAU achieves an effective noise of 5.5 ± 0.7 e− r.m.s. at a 5 µs integration time, which constitutes an improvement by a factor [image: image] compared to the currently available best version of JUNGFRAU with standard silicon sensors. Achieving an SNR [image: image] for photon energies below 500 eV, for which hole-initiated multiplication dominates, will be possible by cooling the sensor to lower temperatures and exploiting the increase in multiplication factor with decreasing temperature.
The present study also shows that iLGAD technology for soft X-ray applications can benefit from further optimization, particularly process improvements targeting a reduction of the leakage current, an increased uniformity of the gain layer, an increase of the pixel yield, and the improvement of the SNR at low photon energies (i.e., employing a shallow gain layer design to reduce the influence of hole-initiated multiplication). These optimizations will be addressed in future iLGAD R&D batches developed by the collaboration between PSI and FBK.
A JUNGFRAU-iLGAD system for soft X-rays opens possibilities for many photon science applications at FEL and SR sources alike. The 2.2 kHz frame rate of JUNGFRAU constitutes a more than thousandfold increase in speed compared to commercial CCD cameras for soft X-rays and at least a factor of 20 improvement compared to standard CMOS image sensors. The capability of JUNGFRAU 1.0 to acquire bursts of up to 16 images with an effective frame rate of [image: image], opens further possibilities for high-rate applications with soft X-rays at next-generation FEL facilities [33]. Furthermore, with an area of 4 × 8 cm2 for a 500 k pixel module, a JUNGFRAU system provides an active area that is eight times larger than standard CCD and CMOS devices. This can be further extended by tiling together multiple modules in customizable configurations. Especially for photon-starved spectroscopic techniques such as RIXS, a hybrid detector with high frame rate and large area would provide a significant improvement of the ratio between measurement time and acquired statistics. Additionally, the charge integrating architecture means charge sharing between neighboring pixels can be utilized to perform position interpolation, improving the spatial resolution of the detector beyond the pixel size. With the 25 µm pitch MÖNCH chip, for instance, spatial resolution in the micron range has been demonstrated in the hard X-ray domain [27, 34]. Based on these results, we note that an iLGAD hybrid detector based on the MÖNCH chip or an adapted version of JUNGFRAU with smaller pitch in one dimension would open further possibilities for spectroscopic techniques such as RIXS, soft X-ray spectro-ptychography, and soft or tender X-ray full field imaging techniques that rely on high spatial resolution.
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FOOTNOTES
1The standard variation of the gain layer features a doping profile similar to that of LGADs used for high energy particle physics, which is not specifically optimized for soft X-ray detection.
2https://silvaco.com/tcad
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