[image: image1]Prediction of Leakage Current and Depletion Voltage in Silicon Detectors Under Extraterrestrial Radiation Conditions

		BRIEF RESEARCH REPORT
published: 22 February 2021
doi: 10.3389/fphy.2021.617026


[image: image2]
Prediction of Leakage Current and Depletion Voltage in Silicon Detectors Under Extraterrestrial Radiation Conditions
A. Grummer, M. R. Hoeferkamp and S. Seidel*
Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM, United States
Edited by:
Angela Kok, SINTEF DIGITAL, Norway
Reviewed by:
Stefano Terzo, Institute for High Energy Physics, Spain
Sebastian Grinstein, Institute for High Energy Physics, Spain
* Correspondence: S. Seidel, seidel@unm.edu
Specialty section: This article was submitted to Radiation Detectors and Imaging, a section of the journal Frontiers in Physics
Received: 13 October 2020
Accepted: 14 January 2021
Published: 22 February 2021
Citation: Grummer A, Hoeferkamp MR and Seidel S (2021) Prediction of Leakage Current and Depletion Voltage in Silicon Detectors Under Extraterrestrial Radiation Conditions. Front. Phys. 9:617026. doi: 10.3389/fphy.2021.617026

Silicon detection is a mature technology for registering the passage of charged particles. At the same time it continues to evolve toward increasing radiation tolerance as well as precision and adaptability. For these reasons it is likely to remain a critical element of detection of systems associated with extraterrestrial exploration. Silicon sensor leakage current and depletion voltage depend on the integrated fluence received by the sensor and on its thermal history during and after the irradiation process. For minimal assumptions on shielding and hence on the particle energy spectrum, and using published data on Martian ground temperature, we predict the leakage current density and the depletion voltage, as a function of time, of silicon sensors in transit to and deployed continuously on the Mars surface for a duration of up to 28 Earth-years, for several sensor geometries and a worst-case temperature scenario.
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INTRODUCTION
This article reports predictions of the silicon sensor bulk characteristics, leakage current density, and depletion voltage, under the conditions of temperature and radiation, at the Mars surface, over a period corresponding to approximately 28.2 Earth-years, combined with the conditions of temperature and radiation associated with transit from the Earth to Mars during a period of about 250 days. The effects of the continuous flux of solar protons and galactic cosmic rays as well as occasional solar energetic particle (SEP) events are included.
Silicon detectors of moderate radiation tolerance are deployed already for numerous space applications, for example:
1 Human dosimetry of charged particles is accomplished on the International Space Station/ISS through thick and thin silicon diodes [1].
2 Particle radiation at the surface of Mars is measured by a suite of devices, including three silicon p-i-n diodes, in the Radiation Assessment Detector (RAD) on the Mars Space Laboratory [2].
3 The Cosmic Ray Telescope for the Effects of Radiation (CRaTER), an instrument on the Lunar Reconnaissance Orbiter spacecraft designed to characterize the lunar radiation environment, uses six silicon disks [3]; its records of intense SEPs are input to human organ dose projection code to assess risks to space travelers due to SEP exposure.
The primary motivation for this article is interest in the level of radiation hardness needed for a mission to Mars for the duration indicated above. Such a mission could additionally be interpreted as a proxy for extended intervals of space travel, possibly involving shielded human explorers at new frontiers, and including transport through regions susceptible to SEPs. A second motivation is presented by the resource-limited environment of such a mission (which has analogs in the environments of particle physics experiments) and a desire to investigate what parameters might permit best usage of resources. The RAD system provides examples of choices made in the resource-limited environment: 4.2 W are needed to power the full RAD detector, and due to power constraints it is powered for only 15 of every 60 min [4].
The response of silicon detectors to nonionizing energy loss (NIEL) by through-going particles has been parameterized. The resulting Hamburg Model [5–7] has been widely used to predict changes in the effective dopant concentration, and consequently, in device leakage current and depletion voltage, due to radiation-induced bulk defects that evolve with temperature and time. Previous applications of this model have centered on, and been validated by, experiments such as those at the CERN Large Hadron Collider [8]. The implementation of the Hamburg Model can be found in Ref. 9.
The simulation of silicon detector leakage current and depletion voltage takes as input fluence Φeq (in 1-MeV-neutron-equivalent (neq) per area), temperature, and duration (which incorporates both duration of radiation exposure and of subsequent annealing). We estimate four separate contributions to fluence Φ: chronic radiation on the Mars surface; chronic radiation during transit; radiation due to SEPs that reach the Mars surface; and radiation due to SEPs that occur during the transit.
To estimate the chronic charged particle fluence at the Martian surface, due to solar protons and galactic cosmic rays, we begin with the average charged particle dose rate D of (0.210 ± 0.040) mGy/d as recorded by the Curiosity Rover during the period 2012–2013 [10].
Radiation that reaches the Martian surface includes approximately 11%–14% alpha particles and heavier nuclei, and about 1% electrons, with the remaining 85%–90% being protons [10]. Simulations of the effect of alpha particles on silicon bulk damage indicate that their contribution to NIEL in the silicon is 0.18% that of protons [11], under the conditions of a thin layer of shielding and including the effects of secondary particles. Accordingly, we restrict the fluence considered in this simulation to that of protons. To accomplish this, in calculations below, we scale the dose rate associated with the full charged particle spectrum by 0.9. Thus, we use Dp = 0.9⋅0.210 mGy/d = 0.189 mGy/d. This dose rate is applied for a period τ = 28.2 Earth-years (15 Martian-years), which is 10293 Earth-days; this time frame is chosen because it is approximately a factor of two greater than the operational span of the Opportunity Mars Exploration Rover, which holds the record for longevity. Thus the baseline lifetime proton dose is 0.000189 × 10293 = 1.95 Gy.
To convert this dose to fluence Φ, we neglect effects associated with production of high energy electrons in the silicon, as these have no significant impact on bulk damage. With the neglect of electron production, linear energy transfer (LET) can be replaced by rate of energy loss per unit length (dE/dx). With this approximation,
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where dE/dx is measured in units of MeV g−1 cm2 [12, 13].
The rate of energy loss per unit length (dE/dx) for proton kinetic energies ranging from 1 keV to 10 GeV is shown in Figure 1, using data taken from Ref. 14.
[image: Figure 1]FIGURE 1 | Stopping power for protons applied to silicon, from Ref. 14.
Applying Eq. 1 to each point of Figure 1, for Dp = 0.189 mGy/d, yields Figure 2, proton fluence applied per day as a function of proton kinetic energy.
[image: Figure 2]FIGURE 2 | Proton fluence applied per day as a function of proton kinetic energy.
The information in Figure 2 can be converted from protons/cm2 to neq/cm2 using the NIEL scale factors, taken from Ref. 15, at each proton kinetic energy. The outcome is shown in Figure 3, the conversion between proton energy and fluence Φeq, in neq/cm2, per day.
[image: Figure 3]FIGURE 3 | Average daily proton fluence, in 1-MeV-neutron equivalent per area, as a function of proton kinetic energy.
The energy spectrum to which silicon detectors operating on Mars will be exposed depends on their shielding. In the absence of knowledge of what that shielding (and hence spectrum) will be, we use Figure 3 to identify the worst-case baseline proton fluence scenario for the region of the Martian surface explored by the Curiosity Rover. Neglecting protons of kinetic energies below 1 MeV (as it is assumed [16] that these will not penetrate to the experimental apparatus), the worst-case maximum fluence rate would be observed for a spectrum dominated by protons of kinetic energy 1.005 GeV, the local maximum of Figure 3. The associated proton fluence rate is 4.49 × 105 neq/cm2/d or 5.2 neq/cm2/s. This is rounded up to 6 neq/cm2/s and applied to the Hamburg Model simulation at 60 s intervals for a duration of 28.2 Earth-years to predict an integrated fluence of 5.3 × 109 neq/cm2 for chronic solar protons and galactic cosmic ray protons of energies greater than or equal to 1 MeV.
A similar calculation is used to estimate the chronic fluence during transit, with the modification that the surface dose rate of 0.210 mGy/d is replaced by the measured [17] value for transit conditions (higher in transit due to absence of protection by the Mars magnetosphere) of 0.481 mGy/d. The simulation applies this dose rate for 250 days, a period consistent with the length of time that was used to transport the Curiosity Rover to Mars.
In addition to the ambient flux of solar protons and galactic cosmic rays, silicon detectors at the Mars surface and in transit will be subjected to solar energetic particle (SEP) events. Two classes of SEPs have been reported [18], as categorized by their duration: the impulsive (1–20 h) class and the gradual (1–3 days) class. In this simulation we do not distinguish them: SEPs in this simulation are applied to the silicon for a duration of one Mars-day, 24 h, 40 min.
The Curiosity Rover detected 1 SEP event in the first 300 sols (each of duration 24 h 40 min) at the Martian surface [10]. On this basis, the simulation of conditions at the surface includes 2 SEPs per Mars-year, which is 30 SEPs in total. At the Mars surface, the observed [10] SEP dose is 0.025 mGy per event, which is 5.94 × 104 neq/cm2/event. This is applied in the case of 27 of the simulated SEPs. The authors of Ref. 19 have noted, however, that “extreme” SEPs, which occur approximately once per solar cycle, should be considered separately due to their exceptional potential for damage. To incorporate extreme SEP radiation, we apply 3 such events over the 15-Mars-year duration. Each is applied for the duration of one Mars-day. Simulation of their effect uses a flux for them of 1.88 × 1010 p/cm2, corresponding to the maximum in the range reported in Ref. 19 for protons with energy greater than 30 MeV, equivalently 4.98 × 105 neq/cm2/s. Converted from protons to 1-MeV-neutron equivalent fluence, this predicts 4.41 × 1010 neq/cm2/event for each of these three cases. In the simulation, SEPs are applied to the Martian surface once in each Martian summer and once in each Martian winter. The extreme SEPs are applied during the Martian summer 2, 8, and 14 Mars-years after the sensor has reached the Mars surface, so there is one year of chronic fluence before the first extreme SEP and one year of chronic fluence after the third one.
The Curiosity Rover detected 5 SEPs during the 250 days’ transit [17]. Accordingly, to simulate a high impact scenario of SEP effects during the transit, we assume a total of 5 events, each with a dose (from Table 2 in Ref. 10) of 19.5 mGy. A similar calculation to the one described above for computing chronic fluence on the surface is used to convert this dose rate to a fluence rate, corresponding to 4.63 × 107 neq/cm2/event or 536 neq/cm2/s.
This is sufficient as a fluence input to the Hamburg Model. The other inputs to the model include the depletion depth of the silicon sensor, the temperature, and the duration of exposure.
Temperatures of the Martian soil and atmosphere have been sampled at a variety of locations. Data reported by the Rover Environmental Monitoring Station indicate an approximately sinusoidal variation in ambient air temperature over the course of one sol with the minimum at about 205 K and the maximum at about 270 K [20]. Information from the Mars Pathfinder instrument indicates that surface temperature within 0.25 m of the ground can exceed the air temperature 1.5 m above the ground by 20 K. Earlier measurements by Viking instruments estimated maximum summer surface temperatures at the equator to be about 293 K. During the winter, the temperature near the Martian poles diminishes to 248 K. To cover the worst-case scenario, the simulation reported here uses ground temperature that varies sinusoidally with amplitude 40 K over the course of each sol. This cycle is modulated for seasonal variations during the Mars-year: the mean temperature is set to 235.5 K with annual sinusoidal variation of amplitude 22.5 K. Thus the Martian-yearly maximum temperature is taken to be 298 K, and the Martian-yearly minimum is 173 K. This thermal profile is applied for 15 Martian-years (28.2 Earth-years). The temperature during transit is conservatively taken to be 283 K, for consistency with the maximum temperature recorded [21] for the silicon detectors in the AMS experiment. AMS is used as a concrete example of a silicon detector functioning in the extraterrestrial environment, whose thermal profile and operating characteristics are available in the literature. The maximum AMS temperature is used because leakage current and annealing rate both depend upon temperature, and the maximum permits a conservatively high prediction of leakage current.
The simulation examines the characteristics of sensors processed with two technologies: One uses the ATLAS design [22], based on oxygenated n-type bulk of depleted thickness 250 μm (representative of planar processed sensors). The other uses p-type bulk and sensor depletion distance of 40 μm; this is taken to be approximately representative of 3D processed sensors [23], although the cylindrical shape of the electrodes, and correspondingly convergent pattern of the electric field lines reaching them, is neglected. The initial donor concentration for the n-type sensors is taken to be 1.7 ×1012 cm−3. The initial acceptor concentration for the p-type sensors is taken to be 2 × 1012 cm−3. Both of these are typical values that are currently used in fabrications.
The change in leakage current ΔI, in a sensor of active volume v, due to irradiation, is dependent on the fluence Φeq as ΔI/v = αΦeq, where the damage constant, α, describes both short- and long-term annealing [7]. The depletion voltage dependence on the effective doping concentration follows from the Poisson equation and is given as [image: image] where q is the charge of the primary carriers, d is the depletion depth, Neff is the effective doping concentration, and ε and ε0 are the dielectric and vacuum permittivity, respectively.
The leakage current model [9] reflects several fluence-related effects upon the change, ΔNeff, in the doping concentration, which influences depletion voltage. These are discussed in detail in Ref. 8 and implemented in the n-type study here as in Ref. 24. Modifications to the model, to reflect effects in p-type bulk, are described in Ref. 25. The effects are associated with the rate of introduction of stable acceptors (gCΦeq, see Eq. 5.8 of Ref. 7), whose parameter, gC, is set to 0.43 × 10−2 cm−1. They also include the rate of short-term (“beneficial”) annealing of acceptors [image: image]; see Eq. 5.9 of Ref. 7. The introduction rates are taken to be the same for all temperatures and 1 min time intervals (the duration over which the irradiations are applied); this simulation uses an average introduction rate ga = 0.6 × 10−2 cm−1. A third contribution is the rate of antiannealing (gYΦeq, see Section 5.3.3 of Ref. 7) whose parameter gY = 6.0 × 10−2 cm−1. These introduction rate values are chosen to match the values used for the B-Layer of the ATLAS Pixel detector [26]. The introduction rates reflect the calibrations in Figure 8 of Ref. 26. Complete initial donor or acceptor removal is assumed to be possible. For the n-type simulation, the donor removal constant is cdonor = 6.4 × 10−14 cm2, and for the p-type simulation, the acceptor removal constant is cacceptor = 1.98 × 10−13 cm2. For the p-type simulation, the short-term annealing is taken to be negligible.
SIMULATION RESPONSE
Figure 4 (left) shows the change in leakage current density as a function of fluence in a sensor whose response is normalized to that at 294 K. Figure 4 (right) shows the same change in leakage current density, but as a function of the time, in Earth-years, from the beginning of the mission. The leakage current is clearly dominated by the extreme SEPs. The vertical drops represent annealing that dominates after the cessation of each extreme SEP. The curvature of the function in Figure 4 (left) in the fluence regime during application of each extreme SEP reflects the silicon’s response to the temperature cycle over the course of a single Martian day. The step-like structure in Figure 4 (right) shows the response to the periodic nonextreme SEPs. The final value of ΔIleak, after 15 Mars-years, is 4.03 μA/cm3. The peak leakage current, immediately after application of the final extreme SEP event, is 6.26 μA/cm3.
[image: Figure 4]FIGURE 4 | Predicted change in leakage current density as a function of (left) integrated charged hadron fluence and (right) time in Earth-years, in both the n-type and p-type silicon sensors, normalized to 294 K.
To predict the response of silicon devices being operated in other Martian thermal environments T, the current at temperature TR = 294 K can be translated according to Ref. 6:
[image: image]
where Eeff is the effective silicon bandgap (approximately 1.21 eV) and kB is the Boltzmann constant.
Figure 5 shows the change in depletion voltage during the same interval, for a device with depletion depth 250 μm and oxygenated n-type bulk. Figure 5 (left) shows the predicted full depletion voltage as a function of fluence, while Figure 5 (right) shows the same information vs. time in Earth-years. The discontinuities reflect the effects of reverse annealing after cessation of extreme SEPs. The final value is 67 V. The negative slope on the n-type device indicates that the sensors will not have undergone type inversion at this stage. After inversion, the depletion voltage will rise; sensors of these geometries can continue to operate fully depleted up to several hundred volts. Figure 6 shows depletion voltage vs. (left) fluence and (right) time for a p-type sensor of depletion depth 40 μm, representative of 3D. In this case the final value is approximately 2.4 V. In the case of this p-type sensor, once the initial acceptor removal is exhausted, the effective acceptor introduction term will dominate subsequent behavior, and the slope will become positive [27].
[image: Figure 5]FIGURE 5 | Depletion voltage as a function of (left) integrated charged particle fluence, and (right) time in Earth-years, for an oxygenated n-type silicon sensor of depletion depth 250 μm.
[image: Figure 6]FIGURE 6 | Depletion voltage as a function of (left) integrated charged particle fluence, and (right) time in Earth-years, for an p-type silicon sensor of depletion depth 40 μm.
RESULTS, UNCERTAINTIES, AND DISCUSSION
In comparisons of silicon sensor leakage current data to predictions by this model, the model was found to underpredict the observed current by 15%–47% [8] depending on the detailed conditions of the sensor. Accordingly the leakage currents predicted for silicon sensors in the Mars environment are conservatively scaled by a safety factor of 1.5. Including this safety factor, the predicted leakage current density and depletion voltages after 28.2 years are shown in Table 1 for the two sensor geometries considered. The current per volume is the most natural unit for indicating the leakage, because devices such as those considered here are operated in reverse-bias mode, in which the leakage current scales directly with volume; additionally the signal generated in the depleted region scales with depth. As a point of reference, the volume of a planar ATLAS pixel sensor (to which the data of Ref. 8 apply) is 0.25 cm3.
TABLE 1 | Predicted peak leakage current density and final depletion voltage for silicon sensors operating in the Martian environment for a duration of 28.2 Earth-years, including a safety factor of 1.5 applied to current. The 10.5% uncertainty on the leakage current corresponds to contributions from the scale factor fit and the precision by which the temperature is known. The uncertainty on the depletion voltage, due to uncertainties on the Hamburg Model parameters, is taken to be 20%.
[image: Table 1]The uncertainty on the predicted leakage current density is 10.5%, corresponding to contributions from the scale factor fit and the precision by which the temperature is known [8]. The contributions of uncertainties on the Hamburg Model parameters, approximately 20%, are not shown in the leakage current prediction. The uncertainty on the depletion voltage, due to uncertainties on the Hamburg Model parameters, is approximately 20%.
The relevant fluence due to space radiation conditions over the duration of a rover mission to Mars is significantly lower than the fluence received by the silicon detectors in ATLAS [8, 24]. Consistent with expected lower fluences, the leakage current predictions presented here are lower than in ATLAS. Similarly, the magnitude of the change in depletion voltage in planar sensors is smaller than in the ATLAS simulations. Depletion voltage predictions for 3D sensors in ATLAS have not been published, so no comparison may be made at this time to them (measurements of leakage current evolution in p-type bulk sensors are available in Ref. 24). The simulation results presented here reflect the same expected annealing responses to temperature changes and received particle fluence as those in ATLAS simulations.
This work is restricted to the study of bulk silicon damage. Effects of surface damage by ionizing particles have not been included in the simulations reported here. The main surface effect is the increase of positive charge trapped in the surface oxide layer, which in turn can cause loss of isolation between electrodes, increased parasitic capacitance between adjacent regions, and variation in the distribution of the electric field at the Si-SiO2 interface, affecting the breakdown voltage. Some of this can be mitigated by, for example, doping design in the interelectrode region. A rough calculation predicts that these electronic devices in a space environment will be exposed to a gamma dose on the order of tens of krad from chronic sources. This modifies the above result by less than 1%, an amount that is unobservable within the uncertainty of the prediction. Gammas induced by SEPs contribute negligible additional dose [28]. The present authors have studied the effect of gamma irradiation on 3D silicon sensor operating current [29]; exposure to a 5 Mrad dose increased the operating current by approximately a factor of two.
The Perugia Model [30, 31] incorporates surface effects, and it will provide an important foundation for follow-up studies to this one. Effective annealing behavior can be adapted from the Hamburg Model to the Perugia Model as is done in Ref. 24.
In the resources-limited environment of space, decreased power consumption can be realized with the 3D sensor technology. When possible, silicon sensors used for particle detection are typically operated above the estimated full depletion voltage to achieve optimal charge collection efficiency. In the case of 3D, these predictions indicate that an applied bias voltage as low as 10 V may be sufficient for optimal operation.
In conclusion, Hamburg Model simulation of bulk electrical characteristics of silicon sensors using contemporary 3D and planar processing technology, fabricated with high resistivity n-type and p-type bulk, predicts that these devices’ leakage current and depletion voltage will not pose restrictions for operation in Martian radiation and thermal conditions, including conditions associated with extreme solar energetic particle events, through transit and for 28.2 Earth-years. These simulations may be used for insight and interpretation of measurements made with the Perseverance Rover [32]. The data collected by Perseverance may provide useful input and cross-checks of these simulations in the future.
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