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Hydrogenated amorphous silicon (a-Si:H) particle detectors have been considered as alternatives to crystalline silicon detectors (c-Si) in high radiation environments, due to their excellent radiation hardness. However, although their capability for particle flux measurement in beam monitoring applications is quite satisfactory, their minimum ionizing particle (MIP) detection has always been problematic because of the poor signal-to-noise ratio caused by a low charge collection efficiency and relatively high (compared to crystalline silicon) leakage current. In this article, after a review of the status of technological research for a-Si:H detectors, a perspective view on MIP detection and beam flux measurements with these detectors will be given.
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INTRODUCTION
Hydrogenated amorphous silicon (a-Si:H) is a disordered semiconductor material that was initially investigated in 1969 by Chittik, Alexander, and Sterling [1]. This material was synthesized by radio‐frequency glow discharge from silane gas onto substrates. In 1976, a-Si:H was successfully doped by adding phosphine (for n-type material) or diborane (for p-type) to the gas mixture of hydrogen and silane during the glow-discharge deposition process [2]. This opened up the possibility of using this material for electronic components, solar cells, and particle detectors.
The lack of long-range order in the atomic structure of amorphous silicon (a-Si) has the consequence that not all Si–Si bonds can be saturated, and therefore dangling bonds (DBs) are present in this disordered material. Hydrogen is thus introduced into the material to passivate those DBs that behave as defects and recombination centers. The hydrogen concentration in the material has an impact on its bandgap, ranging from 1.7 to 1.9 eV (see [3] and references therein). A higher hydrogen content results in a larger bandgap. The bandgap also depends on the temperature during deposition. The typical hydrogen content of a-Si:H deposited by plasma enhanced chemical vapor deposition (PECVD), which is the most frequently used process for device quality material, is in the order of 10% atomic. In PECVD, a-Si:H material is generally deposited at temperatures around 200–250°C. Due to this relatively low temperature, a-Si:H layers can be deposited on a wide variety of substrates [4]. A non-exhaustive list of materials where a-Si:H can be deposited can be found in Ref. [5]. Detector-grade a-Si:H can be deposited with various techniques, such as PECVD with plasma excitation at radio frequency (13.56 MHz) [6], at very high frequency (VHF; 27–150 MHz) [7] or at microwave frequencies [8], and the well-established hot-wire chemical vapor deposition (HWCVD) [9]. A recent effort is ongoing to deposit a-Si:H using pulsed laser deposition (PLD) [5].
As previously mentioned, doping can be achieved by adding the doping agent to the silane-hydrogen mixture (or ablated Si and hydrogen mixture for PLD). Doping reduces the resistivity of the intrinsic material (in the order of 1010–1011 Ω cm for detector-grade undoped material) down to 10–100 Ω cm. However, doping also introduces many additional defects, and for this reason direct p-n junction cannot be used as active material in particle detectors and solar cells. Therefore, the simplest detector structures that have been fabricated and successfully tested are p-i-n diodes or Schottky diodes [10].
Recently, a-Si:H radiation sensors have become attractive thanks to the high level of radiation hardness of this material, which was first recognized in the framework of solar cell development for space applications. A comprehensive review of radiation damage tests performed on solar cells has been reported in Ref. [11]. In these studies, efficiency loss for total ionizing dose only becomes relevant (>10% loss) above 100 Mrad; while for displacement damage, the same efficiency loss is obtained at about 1015 neq/cm2. The authors also discuss the beneficial effect of annealing at temperatures in the range of 70°–130°C. They also make a comparison between various materials for solar cell fabrication (c-Si, GaAs, InP, and a-Si:H). The results shows that if the cells are operated at 70°C, with the combined effect of radiation and annealing, the efficiency of the a-Si:H cells is basically unchanged for a 2,800 km altitude orbit for a 10-year mission. This is about a factor 2 better than the other cells built with the previously mentioned materials. Radiation hardness studies have also been performed for a-Si:H photodiodes [12]. Photodiodes irradiated with 60Co gamma rays up to a dose of 2 Mrad showed an increase of leakage current by a factor ≈5. Afterward, 11 days storage at 22°C caused an auto-annealing process that decreased this increment down to a factor ≈2.5. An additional 1 Mrad of gamma ray irradiation then brought the increase in leakage current up to a factor 6 from the original value. Subsequent annealing for 21 days led to a linear reduction of the leakage current by a factor of 65%; and with an additional 21 days of annealing, to a reduction of 75% of the value just after irradiation. In conclusion, auto-annealing has to be considered as an important factor for the reduction of leakage current in beam measurement mode (as will be discussed later on).
Another important example of irradiation during beam monitoring applications is described by Wyrsch et al. [13]. In this application, a 32 µm thick diode was irradiated up to the fluence of 2 × 1016 protons/cm2 at the IRRAD1 facility at CERN with 24 GeV protons. Figure 1A shows the current induced by the proton beam at various fluencies. Because the beam had a constant rate (1.3 × 1011 protons per spill), a constant current was expected in the absence of degradation. What is observed is a degradation of the current with expected saturation at 1015 p/cm2 (value extrapolated from current data) at a current value that is about 50% of the initial value. In this case, it is also possible to observe an example of auto-annealing process when, at the fluence of 4.5 × 1014 p/cm2, the beam was stopped for 20 h while the detector was kept under bias. A visible increase of the current when the beam was switched on was measured, which demonstrates the partial recovery of charge collection efficiency during the 20 h of annealing. Figure 1B shows the leakage current measurements at various stages of the irradiation and further annealing at 100°C for 12 and 24 h. It can be observed that after 24 h of annealing, the leakage current returns to original value before the irradiation. In the case of electron irradiation, metastable defects are created that can be completely removed by the annealing [14]. Noted that there is a lack of radiation testing with electrons above 1 MeV.
[image: Figure 1]FIGURE 1 | (A) Detector current versus proton fluence in a 32 µm thick a-Si:H p-i-n sensor at constant dose rate (1.3 × 1011 protons/spill, 300 V bias) at 4.5 × 1014 protons/cm2 there was a 20 h beam interruption, where the effect of auto-annealing can be noticed. (B) Leakage current versus applied field in the same detector at various fluencies and after 12 and 24 h of annealing at 100°C and 300 V bias [13].
Many different kinds of particles have been detected using planar diode devices, including MIPs [10], x-rays [15], neutrons using both boron [16] or gadolinium converters [17], alpha particles [18], and heavier ions [19].
Despite the high radiation hardness of the resulting detectors, the use of these devices for MIP and x-rays has always been troublesome because of the poor S/N ratio resulting from the high leakage current at high depletion voltage and the low charge collection efficiency related with the defects in the material. The S/N ratio for MIPs using basic planar structures was in the order of 2–3.
The direct deposition of the detector on the readout application specific integrated circuit (ASIC) has been suggested as a possible solution for this problem. This approach, which is named thick film on ASIC (TFA), was used for the first time for visible light detection [20] and was then adopted for MIP detection using Niobium and Strontium beta sources. Figures 2A,B show the detector connection scheme of the readout electronics.
[image: Figure 2]FIGURE 2 | (A) Schematic design of integration of planar detector with the readout chip. (B) Exploded view of the detector plus readout chip assembly.
During the development of TFA sensors, the dependence of the performance on the shape of pixel was investigated. For this purpose, a test chip was designed at CERN to study this effect [21]. This chip included pixels of different sizes and shapes, micro-strips of various width and pitch distances, and has two different options for the openings in the ASIC passivation layer. The readout contact of the individual channels was provided by the signal readout metal layer of the ASIC through openings in the ASIC passivation. These openings can be local (single pixel) or global (group of pixels or the entire chip). The local openings can be a little larger or smaller than the pads. For TFA imagers, the edges of the passivation openings usually lead to a large additional surface leakage current. Therefore, a global opening was selected to lower leakage current values [22]. Diodes without an n-layer (i.e., an i-p layer structure deposited directly on the metallic back contact, metal-i-p configuration) were successfully tested for further reduction of the leakage current [23].
The same ASIC was also used to study spatial resolution and charge spread diffusion using microstrip configurations. The TFA detector was tested with electrons using electron-beam-induced current (EBIC) measurements and lateral charge collection spread was studied. The results of this test are shown in Figure 3 for a set of micro-strips (1.5 μm wide and spaced by 3.5 μm) on a 5 μm thick a-Si:H n-i-p diode. From this figure, it is evident that the signals from the strips are clearly separated because the lateral charge spread is in the order of few microns [10]. Cross talk (i.e., induced signal in neighbor strips) has been measured in another experiment with a beta source and was found to be negligible [22].
[image: Figure 3]FIGURE 3 | Signal from a set of microstrip 1.5 μm wide and spaced by 3.5 μm. Measurement was performed with an electron beam, bias voltage the detector was 30 V and beam energy was 20 keV.
In summary, spatial resolution in a-Si:H position detector (either strips or pixel) is determined only by the size and shape of the electrodes, and not by charge sharing (as it is on c-Si detectors). This enables this type of device to be used as high space resolution particle and x-ray detectors with very little dead-space.
Unfortunately, even with the TFA approach, the maximum S/N ratio for MIPs was around 5. Although this is better than the previous results obtained with planar detectors, it is still unsatisfactory [10]. Therefore, different solutions need to be found for single MIP (and x-ray) detection.
As previously mentioned, a-Si:H detectors have also been used in proton beam monitoring applications. One of these applications was performed in an accelerator hadrontherapy facility (CNAO), where a large (6 cm2 in area) a-Si:H planar detector was used to measure beam intensity with excellent linearity [24]. More recently, a-Si:H detector devices with charge selective contacts (see also next sections) have been used as x-ray beam monitors, with very good linearity and dose sensitivity [25].
3D A-SI:H PARTICLE DETECTORS
A possible solution to the limitation in the S/N ratio is the utilization of a 3D geometry type detector. In a 3D geometry detector, the charge collection space (i.e., the inter-electrode distance) can be reduced compared to the charge generation space, which is actually given by the thickness of the detector. Having a reduced inter-electrode distance allows us to use a relatively lower operating bias voltage, which reduces the leakage current and increases the charge collection efficiency. Consequently, thicker detectors can be fabricated (i.e., above the 30 µm thick detector that is considered to be the present limit for acceptable S/N ratios) and the charge signal generated by a MIP can be increased. Compared to crystalline silicon, where 3D detectors have a p-n structure, a-Si:H detectors in this geometry have to be designed as a p-i-n structure (for the reasons described in the previous section). For this purpose, the 3D-SiAm group—which is a collaboration between several INFN units (Italy), EPFL (CH), and University of Wollongong (Australia)—is designing a detector like the one shown in Figure 4, where the inter-electrode distance is about 30 µm and the thickness of the detector is in the order of 100 µm [5, 26, 27]. This detector works as follows. The backside metal (aluminum) is connected to a negative bias source. Because the contact between p-doped (low resistivity) silicon and aluminum is ohmic, there is a low resistance path going through the c-Si layer and then to the p-doped a-Si:H electrode. The n-doped electrodes are grounded through the front-end electronics. They collect the electron charge signal generated by a radiation going through the a-Si:H layer, while the holes drift toward the p-type electrodes.
[image: Figure 4]FIGURE 4 | Lateral layout of a 3D a-Si:H p-i-n detector.
While the n-doped electrode is designed to be columnar, the p-doped electrode is foreseen in two possible shapes: columns and trenches. Figure 5 shows an upper view of one detector cell (1 n-type and 4 p-type contacts) in these two configurations.
[image: Figure 5]FIGURE 5 | Top view of two cell types: (A) both n-doped (in red) and p-doped (in green) columnar electrode cell, and (B) n-type columnar and p-type trench electrode cell.
Aside from regular p or n doping achieved by ion implantation of boron and phosphor, another viable solution is possible—that is, the atomic layer deposition of charge selective low resistivity oxides: molybdenum oxide for hole selective contacts and titanium oxide or AZO (aluminum-doped zinc oxide ZnO:Al) for electron selective contacts. The devices fabricated with this technique have the same structure as the p-i-n devices, where p-doped layers are replaced by hole selective contact layers and n-doped layers are replaced with electron selective layer. This option has been validated with the fabrication and testing of planar prototype devices, which show good performance for x-ray monitoring—even better than similar p-i-n devices. A comparison between these two device architectures is reported in Ref. [28], where both p-i-n and charge selective contacts devices have been irradiated with neutrons.
Figure 6 shows the various phases of 3D a-Si:H detector fabrication:
a) Deposition of an intrinsic a-Si:H layer by PECVD;
b) Deposition and patterning of a mask for deep reactive ion etching (DRIE);
c) DRIE of holes and/or trenches;
d) Boron ion implantation or molybdenum oxide (for charge selective contact devices) atomic layer deposition (ALD) after deposition and patterning of a mask for implantation or ALD;
e) Phosphor ions implantation, or titanium oxide or AZO (for charge selective contact devices) ALD after deposition and patterning mask for implantation or ALD;
f) Etching and deposition, plus etching of passivating material before metallization;
g) Front side and backside metallization.
[image: Figure 6]FIGURE 6 | Various phases of a 3D a-Si:H detector fabrication (for a description of the various processing steps, see the list on section: 3D a-Si:H particle detectors).
Presently, 3D detectors are under development. Meanwhile, mechanical prototypes of columnar and trench type structures are under fabrication. When complete devices have been fabricated, these detectors will be bump bonded with the RD53A readout chip developed in the framework of the CMS and ATLAS experiments [29], and then tested in proton, x-ray, and electron beams.
FLEXIBLE A-SI:H BEAM FLUX DETECTORS
The development of various types of ion beams—for example, reaccelerated ion beams, such as the INFN SPES project [30, 31], and clinical beams for radiotherapy, such as small beams [32, 33] or FLASH therapy [34]—drives the research for innovative ionizing radiation beam monitoring detectors. Most needed are transmission devices that are radiation resistant, have real-time response, do not saturate with high dose rate (high energy-per-pulse), and could provide a beam spatial profile.
The general requirements for these detectors are:
→ Thin sensitive layer with enough sensitivity per mm3 of material;
→ Small area devices (mm2 or less);
→ Small amount of material in the beam line to avoid disturbance of the delivered beam;
→ Resistance to radiation damage of the sensitive layer.
Meanwhile, a-Si:H detectors have already been used in proton beam monitoring applications at the CNAO accelerator hadrontherapy facility. A large (6 cm2 in area) a-Si:H planar detector was used to measure beam intensity with excellent linearity [24]. A proposal has recently been approved and funded to fabricate a sparse matrix of single sensing elements deposited on a thin plastic substrate, such as kapton or mylar. This detector matrix should be ultimately used at the end of a beam line in the flange that separates air from vacuum, providing at the same time a measurement of beam profile and beam flux.
The proof of concept for the capability of a-Si:H devices to be used to detect ionizing radiation has been demonstrated for a single charge selective contact diode with a sensitive layer that is 8.2 μm thick (Figure 7) that is exposed to an x-ray photon beam and to photon or electron clinical beams.
[image: Figure 7]FIGURE 7 | Picture of a-Si:H charge selective contact device prototype (4 × 4 × 0.0082 mm3 volume) deposited over glass substrate, composed of four identical devices.
The linearity of the measured current with respect to dose rate has been confirmed up to about 1% [25] with a sensitivity ranging from 1 to 20 nC/cGy. The possibility to use the device at 0 V bias has been also demonstrated with a noise of the order of 20 pA, assuring for a S/N value of 5 a detection threshold of 1 mGy/s. With 30 V bias, the charge collection efficiency increases more than one order of magnitude and the detection threshold lowers to 0.05 mGy/s.
To further increase the suitability of a-Si:H as detection material, the following aspects should be explored: 
• The choice of the contact type: up to now charge selective contacts and p-i-n diodes have been employed, resulting in sensitivity differing by more than one order of magnitude;
• The H concentration in the sensor volume;
• The geometrical dimensions (area, thickness);
• The background current and its fluctuations as a function of temperature, bias, and sensor volume;
• Alternative types of deposition processes, such as PLD or sputtering in a hydrogen atmosphere.
A-SI:H MICROCHANNEL PLATES
Another promising application of a-Si:H for particle detection is amorphous silicon-based microchannel plates (AMCPs) [35]. Compared to a conventional lead glass microchannel plate, AMCPs offer two key benefits. First, the bulk conductivity of a-Si:H provides a charge replenishment after the emission of secondary electron without the need to coat the channel walls. With a more efficient replenishment, AMCPs are expected to exhibit shorter dead time (given by the charge replenishment time and large gain under continuous operation). Second, the fact that AMCPs are fabricated out of deposited layers allows for a monolithic integration on the readout electronics in the same fashion as TFA devices. This integration should provide low noise and low power consumption.
AMCP can be used alone for the detection of electrons, photons or other low energy particles that can interact with the channel walls to create secondary electron emission and initiate the avalanche. Alternatively, they can be coupled to a photocathode to create the primary photoelectron and may be eventually combined with a scintillator or radiator for high energy particle or MIP detection [36].
AMCPs have to be fabricated on a substrate (e.g., a silicon wafer or a readout chip) because they are fabricated from a stack of deposited layers (deposited by PECVD at temperatures <200°C), followed by micromachining of channels by deep reactive ion etching (DRIE). From that reason, AMCP cannot be stacked as standard microchannel plates (MCP) to multiply the gain and the channel cannot be slanted to increase the number of collisions (and as a consequence limiting the gain). However, state-of-the-art AMCPs exhibit gains similar to those of MCP with analog aspect ratio of the channels [35,36,37]. A typical structure of AMCPs is given in Figure 8.
[image: Figure 8]FIGURE 8 | Schematic view of the AMCP architecture (A). A bias voltage of up to 600 V is applied between the top electrode and the intermediate one. The AMCP signal is recorded on the anode (bottom electrode). A thin a-Si:H layer is used to decouple (isolate) the anode from the intermediate electrode. Cross-sectional SEM images of the top of an AMCP, showing the current channel geometries, and the bottom layers are shown in (B,C). Image taken from [35].
The description of the AMCP operation and gain follows the same Eberhart model used for MCPs [38, 39]. Increasing the gain is therefore primarily dependent on the aspect ratio of the channel that can be achieved [40]. By optimizing the DRIE process, the aspect ratio has been increased from ca. 12.5 (as in [35]) to 25 in the latest generation of these devices. Such an increase has enabled us to multiply the gain by a factor of 30 to gain values of ca. 1,500 (Figure 9) [36].
[image: Figure 9]FIGURE 9 | Measured gain value as a function of bias field in the channel for an AMCP with aspect ratio of 25. Image taken from [36].
To further increase the gain by a factor 2–3, the channel can be coated with a high secondary electron emissive layer, such as Al2O3 [35] or MgO [41]. In addition, the energy of the first incoming electron should be tuned to match the maximum of the secondary electron emission yield, providing up to another factor of 2 in the gain. Finally, with a further optimization of the DRIE process, an aspect ratio of up to 35 will add another boost. By combining these potential improvements, AMCP with gain values above 10′000 could be fabricated. These values exceed the best single plate conventional MCP.
CONCLUSION
While a-Si:H materials have attracted a lot of attention for particle detection since the 1980’s given their high radiation hardness, they have found very limited applications in high energy physics. The insufficient S/N ratios achieved so far for single particle detection is the main reason for their lack of success. An innovative 3D detector geometry and the implementation of selective contacts should help to considerably improve both the charge generation and the charge collection upon MIP interaction. The 3D detectors that are currently being fabricated have the potential to break the current bottleneck and to achieve a sufficient S/N ratio for MIP detection, while offering improved radiation resistance compared to state-of-the-art Si detectors.
Several clinical applications require radiation hard detectors that are able to provide real-time response without saturation at high dose rate. According to preliminary studies, a-Si:H detectors have the potential to fulfill these requirements. Furthermore, taking advantage of the possibility to deposit a-Si:H diodes on various substrates, the fabrication of flexible detectors on Kapton substrates is an attractive option. Detectors deposited on a thin substrate would also be very advantageous for beam profiling.
The use of a-Si:H as a bulk material for microchannel plates is actively studied. It offers several key advantages with respect to conventional devices, such as shorter charge replenishment time, lower probability of saturation, and the possibility of vertical integration on the readout electronics (monolithic integration). These devices are expected to achieve single photon detection with time resolution better than 20 ps. Several applications in medicine or in physics could benefit from such a development.
With these new developments, a-Si:H should finally find opportunities as active material for particle detection and allow for the fabrication of very radiation hard detectors.
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