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This paper investigates the single-event burnout (SEB) effect in thin irradiated positive-intrinsic-negative (PiN) diodes and low-gain avalanche diodes (LGAD). SEB is a destructive event triggered in silicon sensors by the passage of a high-momentum charged particle. This effect arises in planar sensors under specific conditions: a significant ionization event caused by the particle’s passage and a very high electric field in the entire bulk region. The investigation of SEB was performed in two beam test campaigns: one at Deutsches Elektronen-Synchrotron (DESY) with an electron beam of [image: image] momentum and the second at CERN with a pion and proton beam of [image: image] momentum. The sensors under test had active thicknesses from [image: image] to [image: image] and active surfaces from [image: image] to [image: image]. In preparation for this study, most sensors were irradiated with neutrons up to a fluence of 1[image: image]. The experimental setup for the beam tests included a frame for the alignment of the sensor with six available slots, two of which were equipped with trigger boards to monitor the beam rate during the test campaigns. This frame was placed inside a cold box to operate the irradiated sensors at very high electric fields while keeping their leakage current low. The experimental results show an inversely proportional relationship between the electric field at the SEB (SEB field) and the active thickness of the sensors. In this study, the SEB field increases from 11-12 V/[image: image]m in a 55-[image: image]m-thick sensor to 14 V/[image: image]m in a 15–20 [image: image]m-thick sensor.
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1 INTRODUCTION
The low-gain avalanche diode (LGAD) technology Pellegrini et al. [1] enhances traditional silicon sensor designs by incorporating moderate internal gain [image: image] into the signal formation process. A key figure of merit of LGADs is their excellent temporal performance [image: image] in measuring the time of passage of charged particles. This precision is made possible by the combination of internal gain and thin active thickness [image: image] that minimizes the signal collection time. Thanks to their timing capabilities, LGADs have been chosen by CMS and ATLAS collaborations to instrument their timing detectors: the endcap timing layer (ETL) of the MIP timing detector (MTD) CMS [2] and the high granularity timing detector (HGTD) ATLAS [3]. One of the main challenges in the development of the LGAD technology has been maintaining unaltered performance in high-radiation environments, with particle fluences reaching [image: image] and beyond. For these irradiation levels, the radiation damage causes the degradation of the internal gain of LGAD sensors through the acceptor removal mechanism Kramberger et al. [4]. The gain loss can be compensated by increasing the external bias applied to the device; however, the onset of destructive events at high electric fields, called single-event burnout (SEB), sets an upper limit to the maximum allowed external bias.
Investigations performed by the CMS, ATLAS, and RD50 collaborations Sola [5]; Beresford et al. [6] led to the conclusion that an SEB is triggered by the passage of a single particle when a high electric field is present in the whole volume of the sensor. The SEB mechanism hypothesis can be explained in four steps:
[image: image] A high-momentum charged particle deposits a large amount of energy, generating locally a high density of charge carriers. It is important to stress that SEB events do not happen if the momentum of the impinging charged particle is low, for example, when using a strontium-90 beta source.
[image: image] The screening effect generated by the high density of charge causes the local collapse of the electric field, leading to an increase of the electric field in the region above and/or below.
[image: image] The higher electric field triggers an uncontrolled charge avalanche multiplication that shorts the anode and the cathode together via a highly ionized channel.
[image: image] The charge stored on the sensor electrode is discharged through this channel, irreparably damaging the device.
The large amount of energy released by an SEB discharge is enough to melt the silicon lattice. The typical SEB marks are star-shaped craters located on the surface of the sensors; see Figure 1. Often, associated with the crater, two perpendicular cracks are visible on the surface, most likely running along the silicon crystal axis.
[image: Figure 1]FIGURE 1 | Scanning electron microscope (SEM) images of two typical SEB cross-shaped marks located in the middle of the pixel (left) and on the edge of the pixel (right). The sensors in the picture were produced by Hamamatsu Photonics (left) and Fondazione Bruno Kessler (right), with an active thickness of [image: image] (HPK) and [image: image] (FBK). The sensors were irradiated with neutrons at a fluence of 1.5[image: image] and 2.5[image: image] [image: image], respectively. Both sensors burned out at a DESY beam test.
The investigations performed on 55-µm- and [image: image]-thick devices showed a clear relationship between the occurrence of SEBs and the value of the bulk electric field; for these two thicknesses, SEBs have been measured at approximately [image: image] Laštovička-Medin et al. [7], where the field has been estimated as the sensor bias over the nominal active thickness of the sensors.
2 MATERIALS AND METHODS
2.1 Sensors under test
The sensors tested in the beam test campaigns were manufactured by Hamamatsu Photonics (HPK) and Fondazione Bruno Kessler (FBK). These sensors are part of the second HPK and the first FBK R[image: image]D productions for the ATLAS and CMS timing detectors and the first and second FBK batch of thin sensors for the extreme fluence (eXFlu) project Sola et al. [8]; Mulargia et al. [9].
Figure 2 shows the key elements of an LGAD device. Each sensor has a pixel core and a pixel periphery. The pixel core is composed of a [image: image] implant underneath an [image: image] electrode, in a [image: image]-high-resistivity bulk. The pixel periphery has an [image: image]-deep implant overlapping the electrode implant and, externally, with respect to the core, there may be another pixel or a guard ring structure, as shown in Figure 2. The guard ring consists of a double [image: image]-implant ([image: image] + [image: image]-deep), with the dual purpose of collecting the leakage current generated in the sensor periphery and preventing premature device breakdown. In between the n implants, there is a [image: image] implant, called a [image: image]-stop, for isolation purposes. An oxide layer covers the entire surface of the device. Each metal pad is DC coupled with the underlying n-implant via a metal contact through the oxide layer. A more detailed description of termination structures and their functionality can be found in Paternoster et al. [10]. A PiN device is equivalent to an LGAD device, without the [image: image] implant.
[image: Figure 2]FIGURE 2 | A typical cross section of an LGAD tested in the SEB campaigns. Left side: the sensor/pixel periphery composed of a guard ring and [image: image]-deep implants, electrically isolated from each other by a [image: image]-stop and both DC coupled to metal read-out electrodes through metal contacts. Right side: the pixel core composed of a [image: image] implant (multiplication layer) underneath an [image: image] electrode. A PiN device is equivalent to the LGAD structure but without the multiplication layer.
The sensors investigated in this work are un-irradiated and irradiated LGADs and PiNs and span a sizeable interval in area, thickness, and number of pixels. The thickness ranges from [image: image] to [image: image], and the number of pixels ranges from 1 to 256. The Device Under Test (DUTs) have geometric full depletion capacitance values from 4 pF to 900 pF. Figure 3 shows a picture of DUTs with different geometries, while the full list of sensors is reported in Table 1.
[image: Figure 3]FIGURE 3 | Types of sensor geometries tested during the beam test campaigns.
TABLE 1 | Parameters of the tested sensors. The last column reports the values of the electric fields at which the sensors burned out [image: image] and the highest before burnout [image: image].
[image: Table 1]The irradiation of sensors was performed at the JSI TRIGA research reactor in Ljubljana Snoj et al. [11], with neutron fluences of 1 × 1015 neq/cm2, 2.5 × 1015 neq/cm2, 5 × 1015 neq/cm2, and 10[image: image]. The irradiation is essential to performing an SEB study because it enables the operation of sensors above the critical electric field [image: image]1. Before irradiation, LGADs go into breakdown due to gain, while PiNs break down at the sensor edge below [image: image].
The sensors under test also include a set of non-irradiated PiNs that are able to reach [image: image] before breakdown.
The wide range of geometries and irradiation levels of the sensors under test made it possible to study the relationship between the SEB and several parameters such as sensor active surface, capacitance, and active thickness.
2.2 CERN and DESY beam test facilities and beam characteristics
The SEB investigation is based on data collected in two beam test campaigns. The first campaign was performed at the DESY beam test facility situated in Hamburg–Bahrenfeld. This facility comprises three beam lines providing electrons or positrons with selectable momenta in the range [image: image] Diener et al. [12]. The DESY campaign reported in this paper was conducted in the T22 experimental area. The second campaign was performed in the CERN-H6 north area with a hadron beam composed of 2/3 pions and 1/3 protons, with a momentum of [image: image]. The DESY facility provides a beam with an almost continuous structure, while the CERN beam has a bunched structure. Both beams had, for the duration of the campaigns, a very good uniformity in terms of rate [image: image], over a transverse surface of approximately [image: image]. The uniformity of the rate was verified using the beam monitoring systems available at the DESY and CERN facilities.
In DESY, the beam momentum was [image: image] with an approximate rate of [image: image] particles; at CERN, the intensity was higher, with an average number of particles per spill between 5.5[image: image] and 6.5[image: image]. Figure 4 shows, for the CERN beam test, the number of particles per single beam spill as measured by the beam monitor scintillators over a time window of approximately 6 h. The plot shows that the rate stability was very good.
[image: Figure 4]FIGURE 4 | Number of particles per single beam spill monitored in a time window of 6 h during the beam test campaign at CERN. These data were extracted from CERN [13].
2.3 Experimental setup and sensors operations at beam tests
The sensors investigated in this work were mounted and bonded on read-out boards that provided the bias voltage to the backside of the sensor (the ohmic side) and kept all front electrodes and guard ring structures (the junction side) grounded.
To maximize the number of sensors tested simultaneously, a frame with several slots was designed and 3D printed. This frame accommodated up to six read-out boards, and it ensured a good alignment between the sensors and the beam. Figure 5 (top-left) reports a picture of the frame where the boards’ support fins are visible. The four central slots were used to house the sensors under test, while the two outermost slots housed sensors for monitoring the beam and the frame position.
[image: Figure 5]FIGURE 5 | The experimental setup used at the DESY facility. Top left: Six-slot frame to support the read-out boards housing the DUTs. Top center: one of the two read-out boards with 300 [image: image]-thick LGAD [image: image] for beam monitoring. Right: Cold box with the frame holding six boards and the dry ice. Bottom: Cold box on an x-y movable stage, arranged along the beam direction.
The sensors used for beam monitoring, Figure 5 (top-center), are 300 [image: image]-thick LGADs with a surface of [image: image], from the 2016 FBK UFSD1 batch of LGADs Paternoster et al. [10]. These sensors were mounted on read-out boards developed by Santa Cruz University Cartiglia et al. [14] and provided a signal with a duration of approximately 10 ns. These sensors had the dual purpose of checking the position of the frame with respect to the beam and monitoring the beam rate. These tasks were carried out for the full duration of the test by counting the particle flux.
The frame was positioned inside a hermetic polystyrene cold box. The box had a feed-through to provide the bias voltage to the sensors and to read out the monitoring devices. Solid carbon dioxide, also known as dry ice [image: image], was used to cool the volume inside the polystyrene box. The dry ice bricks were placed in a dedicated compartment inside the polystyrene box, as shown in Figure 5 (right). An advantage of using dry ice instead of other cooling methods is that it lowers the humidity inside the box volume below [image: image] without needing dry air or nitrogen.
The temperature inside the box volume was monitored during all beam campaigns using PT100 sensors mounted on the read-out boards near the DUTs. The temperature was very uniform along the beam direction, ensuring the same operation conditions for all sensors inside the frame; the sensors were operated in a temperature range between [image: image]C and [image: image]C. Whenever the temperature exceeded [image: image], dry ice was added. The cold box was placed on a movable stage to facilitate the alignment of the box to the beam, Figure 5 (bottom). The described setup was used at both DESY and CERN campaigns.
3 RESULTS
3.1 Measurement methodology
During the test, the electric field was gradually increased in steps of [image: image]. After each step, the sensors were exposed to the beam for several hours (between 6 h and 10 h), and the bias was moved, in the absence of SEB, to the next step after a fluence of approximately [image: image] particles/sensor. If, instead, the step would be such that [image: image] was reached, SEB happened quite rapidly, with a fluence below [image: image] particles/sensor. Using this experimental method, the value of [image: image] is determined to be between the highest value without SEB, [image: image], and the value at which SEB has happened, [image: image], see Equation 1:
[image: image]
The plots in Figure 6 (CERN beam campaign on the left, DESY on the right) report the fluence accumulated during the beam test for representative sensors as a function of the bulk electric field. The plots show that below [image: image], SEB events do not happen even after a large fluence (blue markers) while at [image: image], (red markers) SEB events happen rapidly, with a [image: image] probability2, most likely correlated with the occurrence of a highly ionizing event in the silicon lattice caused by nuclear interaction between the incident particle and silicon atoms. Figure 7 illustrates this effect more clearly, showing the fluence received at [image: image] and [image: image] for each sensor.
[image: Figure 6]FIGURE 6 | Fluence per sensor accumulated during the beam test as a function of the bulk electric field (left: CERN campaign; right: DESY campaign). Blue markers indicate the fluences and electric fields at which the sensors survived, and red markers correspond to conditions that led to burnout. Differences in fluence among the sensors are due to variations in active sensor surfaces and exposure times.
[image: Figure 7]FIGURE 7 | Fluence accumulated at the beam test at [image: image] (red bar) and [image: image] (blue bar) for each sensor under test. [image: image] corresponds to the highest bulk electric field at which the sensors operated without breaking, while [image: image] is the value at which SEB happened.
One clear observation was that the probability of SEB occurrence did not increase with the increase in the active surface (which is linearly proportional to the capacitance) of devices exposed to the beam.
The fluences measured at CERN are underestimated by approximately [image: image] due to the saturation of the scintillator response in high-rate beam conditions, while the fluences at DESY are underestimated due to the large electron beam scattering, which generates considerable tails in the beam profile, counted by the monitoring planes but not present in the DUTs.
3.2 Parameters influencing the value of [image: image]
The data reported in Figure 6 and Table 1 show the burnout field values [image: image] in a wide range, between 11.5 V and [image: image]. To single out factors affecting SEB, the value of [image: image] has been studied as a function of several parameters: the fluence at which sensors have been exposed [image: image], the sensor capacitance [image: image], the energy stored in the sensor capacitor [image: image], and the nominal active thickness.
The average values of [image: image] as a function of the irradiation fluence for 45 µm- and [image: image]-thick sensors and the capacitance for 20 µm- and [image: image]-thick sensors (single pad, [image: image] and [image: image]) are reported in Figure 8 left and right, respectively. The data show that the irradiation level and the sensor capacitance do not affect [image: image] for fixed sensor thickness. The observed variation of [image: image] as a function of [image: image] and [image: image] are within the experimental method uncertainties, estimated as [image: image]; see Equation 1.
[image: Figure 8]FIGURE 8 | Left: average values of the critical electric field as a function of the irradiation fluence of EXFLU0 single-pad sensors with [image: image] [image: image] active area, and thickness of 45 µm and [image: image]m. Right: average values of the critical electric field as a function of the sensor capacitance of single pad sensors, [image: image] and [image: image] sensor arrays, and for two different active thicknesses, 20 µm and [image: image]m.
Another factor that does not affect the SEB is the presence of the multiplication layer; both LGAD and PiN sensor types exhibited SEB at similar [image: image].
A strong correlation between the sensor active thickness and [image: image] has been observed, as shown in Figure 9. The experimental data indicate that [image: image] increases linearly as [image: image] decreases, with a slope of [image: image]m, derived from the linear fit of the average [image: image] values reported in Figure 9. To enhance the clarity of the plot, a single average value of [image: image] is reported for each thickness. The associated error bars represent the range between the lowest [image: image] and the highest [image: image] measured (see the column referring to E field on Table 1). Finally, the orange-filled area shows a region of safe operation for each active thickness, where burnouts were not observed.
[image: Figure 9]FIGURE 9 | Relationship between the SEB electric field and the nominal active thickness of the sensors. The red markers correspond to the average [image: image] experimental data; the lower limit of the error bar, for each thickness, corresponds to the highest [image: image] and the lowest [image: image]. The dashed black line is a linear fit to the experimental data; the orange-filled area identifies the electric field region where burnout has never been observed.
3.3 Optical inspection of burned-out sensors
Each burned-out sensor has been optically inspected under a microscope to locate the crater caused by the SEB. All broken sensors have a crater on the surface; in most cases, the craters have the typical cross-shape with evident breaks along the arms of the cross, as observed in previous studies: Sola [5]; Beresford et al. [6]; Laštovička-Medin et al. [7]. The craters are located in four sensor zones, as shown in Figure 10:
[image: image] edge of the guard ring, toward the pixel edge;
[image: image] metal contact on the guard ring;
[image: image] pixel core;
[image: image] metal contact on the pixel edge.
[image: Figure 10]FIGURE 10 | Left side: examples of craters visible in four different positions on the sensor surface. Right side: cross-section of LGADs with crater locations marked. From top to bottom, a crater on the i) guard ring edge, ii) guard ring metal contact, iii) pixel core, and iv) pixel metal contact.
Table 2 reports the statistics for each crater’s position listed above. In [image: image] of sensors, the burnout is located on the pad or guard ring contact; this percentage grows to [image: image] including the burnout on the guard ring edge; while in only [image: image] of sensors, the crater is located in the core of the device, away from termination structures and the periphery of the pixel.
TABLE 2 | Positions of the crater on the surface of the sensors.
[image: Table 2]There are several possible causes for the weakness of the pixel periphery:
1. The metal contact, locally, does not withstand the large amount of current flowing through it, causing the contact to melt.
2. The electric field in this region is higher due to the n-deep implant, which generates a deeper [image: image] junction than in the pixel core.
3. The implants located in the pixel periphery generate a localized electric field higher than that in the bulk.
The listed hypotheses are not mutually exclusive; all of them could play a role in the SEB mechanism. Interestingly, one factor that appears to have no significant effect is the contact geometry: burnouts have been observed on both continuous and localized (circular) contacts, as shown in Figure 11, left and right, respectively.
[image: Figure 11]FIGURE 11 | Left: crater located on a continuous contact. The line running vertically along the guard ring structure to the left of the pixel core represents the continuous metal contact; the crater (black spot) is located exactly on this line. Right: crater located on a localized circular contact. The small dots visible along the guard ring structure to the right of the pixel core correspond to circular metal contacts; in this case, the crater (the black spot with a red border) is located precisely on one of these contacts.
4 CONCLUSION
PiN diodes and LGADs, before and after irradiation, with a wide range of capacitance and active thickness [image: image], have been tested during two beam test campaigns at DESY and CERN to perform a comprehensive study of the SEB mechanism. The study demonstrates a strong dependence of the electric field at which SEB events happen, [image: image], upon the sensor active thickness: thinner sensors can withstand higher electric fields than thicker ones. [image: image] decreases with a slope of [image: image] as a function of nominal sensor thickness in the range 15–55 [image: image]. The study also shows that [image: image] does not depend upon the irradiation fluence, sensor capacitance, or area. The optical inspection of burned sensors showed the presence of star-shaped craters, mostly located on the pixel edge or the guard ring, suggesting a weakness of the peripheral pixel region, close to the contact and deep implants. Lastly, the metal contact shape between the read out and the [image: image] electrode appears to be irrelevant to the SEB mechanism.
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