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Summary

The wide band gap and high displacement energy of silicon carbide (SiC) give it thermal stability and
radiation hardness properties to make it attractive as Linear Energy Transfer (LET) radiation detectors for
harsh environments. Large area detectors of 2 cm? and larger are required for space science applications,
introducing challenges of noise and energy resolution due to the size. This study improves on the previous
work in this area, demonstrating alpha particle energy resolution of under 0.1 dE/E, nearing the limit of the
diffusion of the source particles in air, with leakage current consistently under 1 nA. Polarization effects are
observed but can be mitigated with pulsed biasing. The importance of silicon on the metallization interfaces
is noted and suggests a path towards more improvements in detector design for future work.

Introduction

The manner and extent of the impact of high energy ions in the form of solar energetic particles
(SEPs) and galactic cosmic rays (GCRs) on planetary magnetosphere, atmosphere, and surface (space
weathering) processes are not systematically known. Heavy ions in GCR are suspected to have a role in
processes as diverse as space weathering, cloud formation, and magnetospheric shaping (Refs. 1 to 3).
Transport effects related to charged particle anisotropies are particularly important in the acceleration of
SEPs from coronal and interplanetary disturbances (Ref. 4). On bodies lacking strong magnetospheres
and true atmospheres, such as the Moon, energetic ions interact directly with the surface, and play an
important role in space weathering, redistribution of volatiles, and polymerization of organic materials,
through radiation chemistry.

In order to provide a complete understanding of how energetic processes internal and external to the
solar system shape magnetospheres, atmospheres, and surfaces, in situ particle observations should
include measurements of SEPs and GCR, along with solar wind and plasma. The ability to monitor these
fluxes in multiple directions simultaneously will enable the ability to distinguish SEP and GCRs and their
respective spectra. Missions to achieve these measurements would include flexible path orbiters, probes,
landers or rovers beyond low Earth orbit (LEO).

To that end, the “Space Weather Science and Observational Gap Analysis for the National
Aeronautics and Space Administration” (2021) (Ref. 5) specifically calls out the need for measurements
of SEP occurrence and properties as the top ranked (#1) space weather observation and research gap.
Measurement of fine-scale structure of solar wind transients and spatiotemporal evolution and turbulence
measurements is the third-ranked (#3). The report calls out multipoint (grid) in-situ particle and fields
measurement as a high priority for improving critical gaps (priority [3), and measurements of radially
distributed particles and fields a high priority for advancing critical gaps (priority A2).
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Small satellites with mass less than 100 kg (such as CubeSats) are seen to be low-cost platforms ideal
for conducting this range of observations either solo or in multiple locations as a swarm. However, current
detector technology limits the measurement capability by restrictions of size, power, and thermal stability of
the small satellite platform. Current state-of-the-art (SOA) in solid-state space radiation detectors are
derived from Earth-based applications, transitioning existing technology from nuclear research to space-
based science platforms. An increasing demand for low size, power, and cost restrictions of instruments that
need to fit on small satellite platforms forces a reconsideration of this approach.

To meet the challenges of low-power, low-noise, multidirectional robust detectors for a wide range of
mass and energies, new ion detectors based on wide band gap (WBG) semiconductors are under
development at NASA’s Glenn Research Center (GRC) for integration into small satellite platforms
(Ref. 6). As these WBG semiconductor detector technologies advance, more comprehensive
(composition, velocity, and direction) in-situ measurements of heavy ions and space plasmas in deep
space environments will be made possible on small satellite platforms.

The wide band gap and high displacement energy of silicon carbide (SiC) make it attractive as Linear
Energy Transfer (LET) detectors. Sensors and electronic devices made from SiC have much better
resistance to radiation damage from energetic charged particles that can form defects in the
semiconductor than silicon devices (Ref. 7). The wide band gap nature of SiC also allows measurements
made by the detectors to be unaffected by thermal drift due to sun/shade transitions unlike silicon devices.

Micro-electro-mechanical-system (MEMS) based devices fabricated from silicon carbide (SiC) for
the purpose of conducting low-noise neutron and alpha particle spectrometry have been reported in the
context of reactor core monitoring (Ref. 8). A low power, low mass space radiation detector prototype
system using a SiC Schottky power diode was developed at GRC for dosimetry use during future lunar
missions (Ref. 9).

Another issue for science instrument designs is sensitivity in the space environment. The sensitivity
of a particle detector is directly proportional to its geometric factor, in units of steradians-cm?. For
compact stacked detectors, used in a charged particle telescope (CPT) configuration, the geometric factor
is the product of the areas of the entrance window and the exit window (or detector) divided by the square
of the distance between the two (Ref. 10). Thus, the greater the area of the detector, the greater the
geometric factor and higher the sensitivity. Large area detectors are required for space science
applications, with the larger size introducing challenges to noise and energy resolution.

As part of the formulation of a deep-space interplanetary science CubeSat concept, large area (2 cm?)
SiC radiation detectors based on High Purity Semi-Insulating (HPSI) SiC were fabricated and
demonstrated as proof-of-concept devices (Ref. 11). In that work, the devices were shown to have a
leakage current of 4.5 nA at 100 V bias, similar to Si detectors of half the area, and sensitive to 26.3 keV
gamma rays emitted from a Pu-239 alpha source with a dE/E resolution of 0.2. Minimum LET measured
by the detectors was 28 eV/g/m?. Based on the results of that work, further development is undertaken to
improve the large area SiC radiation detectors for future space science and space weather monitoring
applications.

Detector Design and Fabrication

The semiconductor detector design is a PN diode with a depleted region between the two p and n
regions (Refs. 12 and 13). This region is formed by biasing the voltage to sweep the free charges in these
regions to the contacts. It is in this depleted region that electron-hole pairs are formed by ionizing radiation.
The charges drift to the contacts in the electric field and a current spike proportional to the ionization
energy deposited in the detector is recorded by the signal conditioning electronics.
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To increase the sensitivity of particles passing through the detector, the depleted region should be
large and with minimal dead space at the contact regions. The use of vanadium-free high purity semi-
insulating (HPSI) SiC is attractive since the wafer is depleted as-is, making the entire thickness of the
wafer the active region (350 to 500 um), ideal for detecting high energy ions.

For the contacts, platinum is chosen as the anode for its high work function up to 5.9 eV (Refs. 14 and
15), and nickel is chosen as the cathode due to reactivity with silicon (Ref. 16). Gold overcoat on nickel is
required for electrical bonding (Refs. 17 to 19). For high temperature conditions where platinum reacting
with silicon is an issue, iridium with a work function up to 5.7 eV can be used as an alternative.

The detectors are fabricated at the NASA Glenn Research Center Microsystem Fabrication
Laboratory from scratch and assembled on-site. To fabricate the detecting elements, a HPSI 4H SiC wafer
is cleaned using a buffered HF oxide etch (BOE) and piranha etch with a H,SO4/H»0, solution (P-clean).
After the initial cleaning, the wafer is put through a dry oxidation at 1150 °C followed by another round
of BOE and P-Clean.

The cathode contact is formed on the back side of the wafer with a sputtered layers of 100 nm nickel
with a 1 nm titanium bond coat and an overcoat of 1000 nm gold, coating the entire wafer and is not
patterned. As is typical for Ni-based contacts (Refs. 20 and 21), the wafer is annealed at 1000 °C for
5 min in a pure nitrogen atmosphere.

The anode contact is formed by coating the front side of the wafer with sputtered 100 nm platinum
with a 1 nm titanium bond coat, followed with a 348 °C bakeout before and after deposition to minimize
stress of the films. The anode pattern is formed with photolithography and dry etched using a 6 mTorr
argon plasma at 100 W(RF) for 1 h. The wafer is then diced and rinsed to ready the detectors for
packaging.

A schematic of the detector layers is show in Figure 1(a) with a photo of four produced detectors
shown in Figure 1(b). A SiC wafer typically has silicon atoms on the surface of one side (the Si-face), and
carbon atoms on the surface of the other (the C-face). To investigate if there is a performance difference
between using the either the Si-face or C-face as the front side for the anode, two different types of
detectors were fabricated. For the first type, the Si-face of the SiC wafer was patterned as the anode and
the C-face of the wafer was coated as the cathode. For the second type of detector the C-face of the SiC
wafer was patterned as the anode and the Si face was coated as the cathode.

The detector case is designed to house the sensor in a single LET detector configuration, or
alternatively multiple cases can be stacked as a telescope configuration. The LET configuration is shown
firstly as a 3D modeled schematic (Figure 2(a)) and secondly in the as-built assembly (Figure 2(b)). The
case was milled from aluminum 6061 alloy by an outside vendor. The baseline detector has an outside
diameter of 3.8 cm. A 2 mm notch and lip insure alignment between stacked detectors. The height of the

Guard ring Anode 100 nm Pt
TnmTi

350 um HPSI 4H SiC

1nmTi
100 nm Ni

1 um Au

(a) Cathode

Figure 1.—SiC detectors. (a) Diagram of detector layers. (b) Photograph of four completed detectors.
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1.6 cm diameter aperture—l. . SiC detector

3.8 cm diameter—7.
Al 6061 milled
case (2 parts)

(a) SMA connector = (5)

Figure 2.—Detector assembly. (a) Schematic. (b) Photograph of completed assembly.

sensor-containing portion of the frame is 1.27 cm, plus an additional 0.2 cm for the lip, resulting in an
overall height of 1.47 cm. The baseline unit has a 1.6 cm diameter aperture accommodating the 2 cm?
anode. The detector is held in place by an insulating fiberglass washer and lies 9.4 mm from the top
aperture. The case has a SMA female connector that allows bias voltages up to 1000 V to be applied. The
mass of the detector in the case is about 31 g.

Four detectors from each batch were assembled and tested, labeled as detectors A-D for the batch
with the Si-face patterned as the anode, and E-H for the batch with the C-face patterned as the anode.

Detector Characterization
IV Curves

Current-voltage (IV) curves were taken for all detectors with the data shown in Figure 3(a) and (b).
Voltage was supplied from —100 to +100 V and the current was measured using a four-wire method. The
resolution of the current measurements was 0.1 nA.

The IV characteristics verified that the detectors are diodes to varying degrees. Under reverse bias, all
detectors had dark currents less than —1 nA at —100 V, with an average of —0.26 nA. These values are
about 1/6 smaller than the leakage expected from Si devices of half the area at the same bias (Ref. 6).

The capacitances of the devices were measured at 100 kHz, 1 V peak to peak using an LCR meter.
The capacitance data with the DC leakage current at £100 V is shown in Table 1. The expected
capacitance assuming a dielectric constant of 9.66 (Ref. 22) with a separation of the electrodes of 350 um
is 48.9 pF. The capacitance measured in detectors A-D were 17 percent higher and in detectors E, F, and
H were 11 percent higher than this value, with detector G having less than half that capacitance. The
implication with the measurements is that the effective region between the electrodes is reduced from the
350 um thickness, with detectors A-D more than detectors E, F, and H. Detector G’s lower relative
capacitance cannot be explained by that and remains an anomalous reading.

The detectors were then characterized for sensitivity to charged particles under reverse bias.

Spectroscopy Response

The detector sensitivity to alpha particles is measured by exposing the detector to an alpha source
(either Am-241 or Pu-239) and monitoring the output on a multichannel analyzer (MCA). The detector
under test is connected to a charge pre-amplifier which supplies high voltage bias to the detector. The
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output of the pre-amplifier is input to a spectroscopy amplifier which performs pulse shaping, baseline
recovery, and pile-up rejection on the signal. Shaping time of the pulse is set to 3 ps to minimize noise. A
schematic of the testing setup is shown in Figure 4.
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(a) Bias voltage, V (b) Bias voltage, V
Figure 3.—IV curves. (a) Si-face anode detectors A-D. (b) C-face anode detectors E-H.
TABLE I.—ELECTRICAL CHARACTERISTICS OF THE SiC DETECTORS
Detector Capacitance/dissipation at 0 V bias Leakage at —100 V bias Leakage at +100 V bias
(£0.5%) (0.1 nA) (0.1 nA)
A 58.8 pF /-0.057 —0.2 nA +301 pA (0.1 pA)
B 58.8 pF /-0.058 —0.1 nA +0.0 nA
C 58.6 pF / +0.047 -0.1 nA +0.1 nA
D 58.8 pF /—0.056 -0.2 nA +23.8 uA (0.1 pA)
E 55.0 pF /-0.055 -0.2 nA +0.0 nA
F 54.9 pF /-0.055 —0.8 nA +8.9 nA
G 22.6 pF /-0.036 -0.2 nA +0.3 nA
H 55.0 pF /-0.055 -0.3nA +1.2 nA

High voltage Charge Spectroscopy

bias pre-amplifier amplifier

Pile-up

Datain o
rejection

Multichannel
analyzer

Detector PC

Figure 4 —Spectroscopy schematic with MCA data collection.

NASA/TM-20250001636 5



The output of the amplifier is input to an MCA along with the pile-up rejection signal for display on a
PC. MCA integration time was set to 100 s in the initial studies. Initial characterization was performed on
Detector F with the Am-241 alpha source under reverse bias at various voltages held for at least 12 min
before recording a pulse-height spectrum. The peak bin and noise floor of the collected spectra with
corresponding signal-to-noise, full width half-maximum (FWHM), and fractional energy resolution
(dE/E) is shown in Table II. The collected spectra are shown in Figure 5. Based on these results, a bias of
—200 V appears to be the optimal setting.

TABLE II.—DETECTOR F CHARACTERISTICS AT VARIOUS BIAS VOLTAGES

Bias Background bin Am-241 alpha Signal-to-noise ratio FWHM bins dE/E
V) (noise floor) peak bin (£2%) (£2%) (£0.02)
(£1%) (*1%)
-100 211 427 2.02 217 0.216
-200 216 1760 8.15 588 0.142
-300 381 1914 5.02 831 0.184
—400 566 2332 4.12 1048 0.191
-500 762 2775 3.64 1369 0.210
—600 937 3052 3.26 1604 0.223
700 1089 3222 2.96 1612 0.213
—800 1199 3365 2.81 1893 0.239
-900 1309 3408 2.60 1884 0.235
—1000 1539 3502 2.28 2081 0.252
500 —-100 V
——200V
450 |- -300 V
400 —400 V
i —=500V
350 L ——600 V
®» —-700 V
8 300 —-800V
= —-900 V
% 250 - —-1,000 V
£
3 200
(@]
150
100
50
0
0 2,000 4,000 6,000

Bin

Figure 5.—Comparison of sensitivity spectrum of detector F at
various bias voltages.
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Figure 6.—Deposited energy spectra for detector F at —200 V
bias exposed to Pu-239 alpha particles for 100 s at various
elapsed times from turning on bias voltage.

Polarization Effects

One characteristic that was observed is a reduction in sensitivity of the detectors with time. This
reduction is believed to be caused by a polarization effect of the semiconductor reported by other
researchers (Ref. 23) wherein defects in the semiconductor trap charges due to the biasing of the detector.
These traps reduce the depleted region where electron-hole pairs can form when irradiated, and thus lower
the efficiency of the detector. This effect is dependent on the purity of the semiconductor, the number of
defects, and detector capacitance. This effect is similar, but less than polarization effects that have been
reported when diamond has been used as the semiconductor (Refs. 24 and 25).

The polarization effect we observed occurs upon biasing the detector, not upon exposure to an active
radiation source. Polarization effects were observed for all of the detectors and for all bias voltages from
—100 to —1000 V. An example is shown for Detector F biased at —200 V reacting to a Pu-239 alpha
source. The signal shift with time is shown in Figure 6. After 90 h (5400 min) of biasing, the peak signal
level was at 35 percent of that of the first minute.

The energy peak drop with time was examined in detail for Detector F at 200 V bias using a Pu-239
alpha source. The data sets are shown in Figure 7, and a curve was fitted to the data. The fitted curve
follows Equation (1) with R? = 0.9969.

Peak Bin = 4226.2-(T) *'#+610 (1)

The elapsed time (T) in Figure 7 and Equation (1) is the time in minutes the bias supply is on. The
source is not on the detector the entire time, but secured away from the detectors when the lab is not
occupied. The fitted curve of Equation (1) to the decay of the energy peak appears to follow a T *'3
relationship, suggesting less than 0.1 percent per minute drift after 138 min of biasing. The fit also
suggests at T — oo, the peak stabilizes to 14 percent of the value in the first minute.
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Figure 7.—Peak bin on MCA for detector F exposed to Pu-239
alpha source plotted against time detector is biased at —200 V
with a fitted curve.

A slight decrease of the peak bin at the beginning of the latter two runs was observed when the
Pu-239 alpha source was placed on the detector. This drop is approximately 64 and 87 bins or 3 to
4 percent of the maximum peak of the second run, and persists for about 10 min, suggesting a second,
shorter-lived charge trapping effect due to the alpha particles.

Pulsed Bias Operation

As noted above, significant polarization effects have been reported during operation (Ref. 23).
Detectors based on diamond epilayers are also known to have significant polarization effects in operation
reported to be mitigated by turning off the bias voltage for a time (Ref. 24) or reversing the polarity of the
bias voltage to drive the collected charges away from their trapping sites (Ref. 25). For our thick, large
area LET detectors using HPSI 4H SiC where high voltage biasing is needed, switching bias polarity
quickly is not practical.

The method we implemented cycles the bias power supply remotely using a square wave from a
controlling function generator. The square wave first biases the detector, then turns the detector off. Our
detectors with the charged preamplifiers and biasing system used were found take about 80 s to achieve
full biasing and another 80 s after turned off to become fully unbiased.

To prevent data collection during the ramp up and ramp down of the bias, a gate is generated using a
second function generator in sync with the power supply controlling function generator as outlined in
Figure 8. The result is that data collection is during a portion of the control cycle, enabling high resolution
energy spectra collection during that time. The duty cycle of the control pulse is 50 percent where the gate
duty cycle is 25 percent as shown in Figure 9.

Detector F was operated with the Am-241 alpha source under this pulsed configuration using
frequencies from 1 to 8 mHz with the resulting spectra shown in Figure 10. The higher and lower
frequencies have lower energy peak bins than the middle frequencies. The higher frequencies are most
likely to exhibit charge trapping effects and the lower frequencies are more affected by polarization
effects.

A pulsing frequency of 3 mHz appeared to have the highest sensitivity and sharpest peak of the
frequencies tested. Smaller, thinner detectors with fewer defects are expected to have a faster biasing time
and thus a faster control frequency. The role of the power supply characteristics on the biasing time and
pulsing rate is unknown at this time.
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Figure 8.—Spectroscopy schematic with pulsed bias control and Figure 9.—Oscilloscope traces of a control
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Figure 10.—Detector F spectra with Am-241 alpha source
recorded using —100 V pulsed bias at various frequencies.

Testing various bias on detector F with the Am-241 alpha source at 3 mHz reveals an improvement in
sensitivity and resolution than DC mode shown in Figure 11. The background, peak bin, signal to noise of
the spectra, full width half maximum (FWHM) with corresponding dE/E for each bias voltage is given in
Table III and plotted in Figure 12. Very little improvement in dE/E resolution is gained with voltage
biasing, suggesting the source energy distribution at the detector is larger than the 0.0227 dE/E predicted
by a Monte-Carlo N-Particle (MCNP, version 6.2.0) model for the energy distribution of alpha particles
travelling in air from the source to the detector. The bias of —400 V had a slightly improved resolution and
was selected as an optimum bias voltage for the next set of runs.
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Figure 11.—Comparison of sensitivities of detector F with various 3 mHz pulsed bias voltages. (a) Collected data.
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(b) Data normalized to peak bin and peak counts also showing predicted spectrum generated by an MCNP model.

TABLE III.—DETECTOR F CHARACTERISTICS AT VARIOUS 3 mHz PULSED BIAS VOLTAGES

Bias Background bin Am-241 peak Signal-to-noise ratio FWHM bins dE/E
W) (noise floor) bin (£2%) (£2%) (£0.02)
(1%) (1%)
-100 172 2590 0.0664 556 0.0912
-200 172 3670 0.0467 816 0.0944
=300 177 4325 0.0409 932 0.0915
-400 188 4787 0.0393 1026 0.0910
=500 184 5196 0.0354 1148 0.0938
—600 186 5510 0.0338 1194 0.0920
6,000~ DC bias 12 - eDC bias
A3 mHz pulsed bias gz A 3 mHz pulsed bias i i i : i
5,000} . 10}
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A
x 4,000 8L
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Figure 12.—Performance of detector F exposed to Am-241 alpha source at different bias in both DC and 3 mHz

Bias voltage, V

pulsed operation showing improvement in (a) sensitivity (peak bin) and (b) resolution (E/dE).
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Figure 13.—Alpha spectra collected with each detector operating at —400 V, 3 mHz pulsed bias with a 166.67 s
integration time. (a) Si-face detectors A-D. (b) C-face detectors E-H.

Spectra were taken using all detectors, both the Si-face set of detectors (A-D) and the C-face set of
detectors (E-H). Figure 13 shows the spectra taken using —400 V, 3 mHz pulsed bias with a 166.67 s
integration time. The Si-face detectors (A-D) had the signal peak appearing at bin locations that were less
than 14 percent of the C-face detectors (E-H). Detector H had an unusual double peak feature as if it was
behaving as two somewhat different detectors.

Metallization Analysis

To understand the difference between the front side Si-face or C-face detectors, a surface study of the
metallization on both sides of the detectors was performed using Auger electron spectroscopy (AES). The
resulting depth profiles are shown in Figure 14 and Figure 15.

There is no substantial difference in the front side anode metallization either sample. More silicon is
visible on the Si-face than the C-face, with slightly more Pt diffusion on the Si-face, and the titanium
layer is visible in both though broader in the C-face.

The back side interface is very broad for both detectors. The back side C-face shows much more
diffusion of the gold than the back side Si-face, and the nickel layer is not detectable in either detector.
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Conclusions

Eight large area 2 cm? LET detectors based on 350 pm thick HPSI SiC were designed, fabricated, and
characterized. These LET detectors are intended to provide a critical element to acquiring reliable
information for space weather monitoring. Four detectors were fabricated using the Si-facing side of the
wafer for the front side anode as well as four detectors using the C-facing side for the front side anode. A
titanium-platinum anode metallization and a titanium-nickel-gold back side cathode metallization was
used. The cathode metallization was annealed to 1000 °C and the anode metallization was annealed to
300 °C during fabrication.

The leakage current under —100 V negative bias was seen to range between —0.1 to —0.8 nA
(0.1 nA), typically —0.26 nA (£0.2 nA) regardless of type. The capacitance measurements average
58.8+0.1 pF for the front side Si-face and 55.040.1 pF for the front side C-face compared to the expected
48.9 pF for both. The higher capacitances suggest an effective thickness of the active region of the
detector to be 291 um for the front side Si-face detectors and 311 um for the front side C-face detectors.

Response to Am-241 and Pu-239 alpha particle sources in air was documented with a multichannel
analyzer recording the relative peak heights. The detectors with the front side Si-face anode were found to
have 14 percent the sensitivity of those using the front side C-face anode.

Polarization effects were observed with a —0.1 percent per minute drift after biasing for over 2 h,
limiting dE/E resolution to 0.14 at =200 V bias. Pulsing the bias at 3 mHz found an improvement of
resolution to a dE/E of 0.092340.0014 regardless of biasing, suggesting that resolution is primarily
limited by the energy dispersion of the alpha particles in air, and is a significant improvement over
performance recorded by previous iterations.

Finally, depth analysis of the anode and cathode metallization layers were examined. Though there
was no significant difference between the front side C-face and Si-face anodes, the back side C-face
cathodes shows much more diffusion of the gold than the back side Si-face cathodes, and the nickel layer
is not detectable in either detector.

In summary, improvements in large-area HPSI SiC LET detectors for space science applications have
been demonstrated to include lower leakage current and better particle energy resolution. Polarization
effects have been demonstrated to be mitigated through pulsed biasing of the detectors. The presence of
silicon as part of the electrode metallization has been shown to affect the performance as well.
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