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ABsTrRACT: This study investigates the impact of 1 MeV neutron irradiation on the electrical properties
of n-type silicon (n-Si) Schottky diodes, focusing on high fluences of 10! and 10'® n/cm?. Current-
voltage (/-V) measurements were conducted on diodes before and after irradiation to assess changes
in conduction behaviour. Results reveal a significant shift from exponential diode characteristics to
ohmic conduction with increasing fluence, a phenomenon less explored compared to lower-fluence
studies (e.g., < 10'* n/cm?) documented by the RD50 collaboration and CERN experiments. The
reverse current increased by factors of 3.5 and 82 at 10! and 10'¢ n/cm?, respectively, attributed
to radiation-induced defects generating minority carriers. In the forward bias, minimal change was
observed at 10'> n/cm? (factor of 1.14 decrease), while a marked increase (factor of 3.64) occurred
at 10'6 n/cm?, linked to enhanced majority carrier generation by defects. This transition to ohmic
behaviour, corroborated by a reduction in rectification ratio from 45 (unirradiated) to 2 (10" n/cm?),
reflects defect levels pinning the Fermi energy near the intrinsic position. These findings elucidate the
effects of high-fluence neutron irradiation on silicon diodes, offering valuable insights for developing
radiation-hard detectors for extreme environments, such as the High-Luminosity LHC.

Keyworbs: Materials for solid-state detectors; Radiation damage to detector materials (solid state);
Radiation-hard detectors; Solid state detectors

*Corresponding author.

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of
BY Sissa Medialab. Original content from this work may be used under the .
terms of the Creative Commons Attribution 4.0 licence. Any further distribution of this httpS://dOl.O['g/lO. 1088/1748-022 1/20/04/P04007

work must maintain attribution to the author(s) and the title of the work, journal citation
and DOL.


https://orcid.org/0000-0001-7534-3073
mailto:ebodunjo@unisa.ac.za
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1748-0221/20/04/P04007

Contents

1 Introduction 1
2 Experimental details 2
3 Results and discussion 3
4 Conclusion 4

1 Introduction

Silicon-based diodes are cornerstone devices in radiation detection, widely employed in applications
such as space exploration, nuclear power plants, and particle accelerators due to their robust electrical
properties and compatibility with integrated circuit technology [1-3]. However, prolonged exposure
to extreme radiation environments, such as those encountered at the Large Hadron Collider (LHC),
induces significant degradation in their performance, compromising reliability and data acquisition
efficacy [4]. This decline stems from radiation-induced changes in the diodes’ electrical properties,
driven by defects that alter carrier dynamics and conduction mechanisms [4]. While pre-irradiation with
fluences exceeding 10'3 n/cm? has been shown to enhance radiation hardness in silicon detectors [5],
the specific effects of higher neutron fluences beyond the conductivity-type inversion threshold of
1.4 x 10'3 n/cm? [6, 7] remain underexplored, despite their relevance to next-generation facilities.

Extensive research, including efforts by the RD50 collaboration and experiments like ATLAS,
CMS, and LHC at CERN, has characterized silicon diode degradation under various irradiation
conditions, typically focusing on proton damage or neutron fluences below 104 n/cm? [6, 7]. At
these levels, damage scales linearly with fluence, and electrical properties such as leakage current
and capacitance are well-documented [8]. However, at higher fluences (e.g., 10'°-10'® n/cm?), the
response of silicon diodes diverges, with evidence suggesting a saturation of damage effects and a
potential shift in conduction mechanisms [8]. Few studies have systematically investigated this regime,
particularly the transition from exponential diode behaviour to ohmic conduction, which may arise
from defect-mediated Fermi-level pinning at the intrinsic position [8, 9]. This gap is critical, as future
colliders like the High-Luminosity LHC (HL-LHC), set to operate from 2026 with radiation levels over
ten times higher than the current LHC [10], will demand detectors resilient to such harsh conditions.

This study addresses this gap by examining the electrical properties of n-Si Schottky diodes
irradiated with 1 MeV neutrons at fluences of 103 and 10'® n/cm?. Using I-V measurements, we
explore how high-fluence neutron irradiation alters diode behaviour, focusing on the emergence of
ohmic conduction and its implications for radiation hardness. Unlike lower-fluence studies where
defect generation scales predictably, our results indicate that at these elevated levels, defect densities
drive a fundamental change in carrier transport, offering insights into device performance in extreme
environments. By analysing these changes across fluences, this work advances the understanding
of radiation effects on silicon-based diodes and provides a foundation for designing more robust
detectors for future high-radiation applications.



2 Experimental details

This study utilized Schottky-based diodes fabricated on n-Si substrates to investigate the effects of
1 MeV neutron irradiation. The n-Si wafers, with a resistivity of 1-20 €2 cm, were diced into 1 cmXx 1 cm
pieces using a diamond cutter. To ensure clean surfaces, samples were ultrasonically cleaned in acetone,
methanol, and deionized water for 5 minutes each, then blow-dried with nitrogen gas. Schottky contacts
were formed by thermally evaporating 130 nm of gold (Au) onto the polished front side of the n-Si
at a rate of 1 A/s under a vacuum of 10~ mbar, through a mask with 0.6 mm radius circular apertures.
Ohmic contacts were created by depositing 100 nm of aluminium (Al) onto the entire backside, using
the same deposition conditions. These Au/n-Si/Al devices are structurally identical to those in ref. [11],
though fabricated independently for this study. A schematic of the diode structure is provided in figure 1.
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Figure 1. The schematic of fabricated diode with Au and Al as Schottky and ohmic contact, respectively.

Four diodes were prepared for each condition: unirradiated and irradiated to fluences of 103
and 10'n/cm?. Irradiation was performed at the National Energy Corporation of South Africa
(NECSA) using a 1 MeV neutron beam generated by a deuterium-tritium source, with fluence accuracy
of +£10% verified via foil activation dosimetry. The beam flux was maintained at approximately
10° n/cm?/s, and samples were irradiated at room temperature (300 K). Post-irradiation, diodes were
stored at room temperature for 48 hours to allow short-term defect stabilization, with no intentional
annealing applied. This storage period was chosen to minimize self-annealing effects prior to electrical
characterization, though minor ambient annealing cannot be excluded.

Electrical properties were assessed via /-V measurements conducted before and after irradiation
for all devices. Measurements were performed using in-house-made meters for current measurements,
replicating the setup described in ref. [11]. The system was calibrated to supply voltages from —4 V to
+4Vin 0.01 V steps. Tests were conducted in a controlled environment at room temperature and under
dark conditions to eliminate photogeneration effects. Capacitance-voltage (C-V) measurements were
planned but omitted due to equipment malfunctions post-irradiation; this limitation will be addressed
in future studies. /-V measurements were conducted on all four diodes per condition (unirradiated,
10'3 n/cm?, and 10' n/cm?), with data initially averaged to account for variability, yielding error bars
of +£5% based on the standard deviation from repeated tests. However, the trends in /-V behaviour, were
remarkably consistent across diodes fabricated from the same n-Si material and exposed to identical
irradiation fluences. Given this uniformity, we selected one representative diode for each condition.



3 Results and discussion

Figure 2(a) presents the semilogarithmic /-V characteristics of unirradiated and neutron-irradiated
n-Si Schottky diodes at fluences of 10'3 and 10'® n/cm?. Neutron irradiation markedly increases the
reverse current, rising by factors of 3.5 and 82 at 10'> and 10'® n/cm?, respectively, compared to the
unirradiated diode’s baseline of 4.5 pA at —4 V. This escalation is attributed to radiation-induced
defects in the silicon bandgap, which act as generation centres for minority carriers [11]. The defect
density scales with fluence, amplifying carrier generation and thus leakage current, consistent with
trends observed in proton-irradiated silicon diodes [11], albeit at lower fluences (e.g., 10'* n/cm? in
ref. [9]). In forward bias, the current decreases slightly at 10" n/cm? (factor of 1.14, from 189 pA
to 166 pA at 4 V), suggesting minor disruption of majority carrier flow, but increases significantly at
106 n/cm? (factor of 3.64, to 688 pA), indicating that high-fluence defects also enhance majority carrier
contributions. Compared to p-type silicon (p-Si), where leakage typically dominates due to higher
minority carrier generation [4], n-Si shows a balanced response, reflecting its doping characteristics.
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Figure 2. In(7) — V characteristics (a) and In(/) — V characteristics (b) of unirradiated and neutron-irradiated
n-Si diodes.

The rectification ratio, defined as the forward-to-reverse current ratio at +4 V, quantifies diode
quality and its ability to block reverse current; a critical metric for detector applications [12]. This
ratio drops from 45 for the unirradiated diode to 10 and 2 at 10'> and 10'6 n/cm?, respectively,
signalling a loss of rectification due to radiation damage. This aligns with findings in ref. [11], where
high-fluence irradiation similarly degrades diode behaviour, though our study uniquely highlights
the transition to ohmic conduction at these levels.

Figure 2(b) illustrates junction resistance (R;) versus voltage, derived as R; = dV/dlI, offering
insight into diode quality [12]. The shunt resistance (Rgp), taken as the maximum R; in reverse bias,
reflects leakage suppression and should be maximized, while the series resistance (R;), the minimum
R; in forward bias, indicates contact efficiency and should be minimized [13]. For the unirradiated
diode, Ry, and Rg at +4 'V are 919.95 kQ and 19.06 kQ, respectively. Post-irradiation, these values
shift to 279.62kQ and 26.45kQ at 10" n/cm?, and 11.95kQ and 6.35kQ at 10'6 n/cm?, reflecting
increased leakage and altered carrier transport. The Ry, decrease parallels proton irradiation studies
(e.g., ref. [8]), though the R, reduction at 10'® n/cm? suggests defect-enhanced conductivity.



To elucidate conduction mechanisms, double logarithmic /-V plots are shown in figures 3(a)—(c).
For the unirradiated diode (figure 3(a)), two linear regions emerge in forward bias: from 0 to 0.18 V
with a slope of 1.22, indicating ohmic conduction dominated by thermally generated carriers over
injected ones across the space charge region (SCR) [14], and from 0.19 to 4 V with a slope of 1.75
(near 2), suggesting space-charge-limited current (SCLC) [15, 16]. Post-irradiation (figures 3(b)—(c)),
a single linear region with a slope of ~ 1 dominates at both fluences, confirming a shift to ohmic
conduction. This transition, absent in lower-fluence proton studies (e.g., ref. [11]), narrows the gap
between forward and reverse currents, especially at 10'® n/cm? (figure 3c), where currents align from 0
to ~ 1 V. Figure 3(d) plots the forward bias slope versus fluence, decreasing from 1.22 (unirradiated)
to 1.08 and 1.03 at 10'> and 10'® n/cm?, respectively.

This ohmic shift is explained by relaxation theory [17], where high-density defect levels, positioned
near the bandgap centre, pin the Fermi energy at the intrinsic position, enhancing conductivity and
resembling semi-insulating behaviour [18]. Unlike p-Si, where recombination dominates, n-Si’s defect
states facilitate both generation and conduction, a distinction critical for radiation-hard detectors [18].
Table 1 summarizes key parameters: ideality factor (17), Schottky barrier height (¢p), and saturation
current (/y), calculated via thermionic emission fits (ref. [8]). For the unirradiated diode, n = 2.11,
¢ = 0.78¢V, and I, = 32.3nA; at 10 n/cm?, n = 2.26, ¢g = 0.73eV, I, = 17.6nA; and at
10 n/em?, n = 3.89, ¢ = 0.65¢eV, Iy = 231 nA, reflecting defect-driven deviations from ideal
behavior, comparable to ref. [11].

Table 1. The diode parameters for unirradiated and neutron-irradiated to the fluences of 10" and 10'® of
Au/n-Si/Al Schottky diodes.

Diode n I, (A) ¢p (eV)
0 2.11 | 3.23x 1078 | 0.71
1015 226 | 1.76 x 1078 | 0.73
1016 3.89 | 2.31x 107 | 0.60
Ref.[11] | 2.72 | 3.13x107° | 0.77

Temperature influences leakage current significantly, as defect activation scales with thermal
energy. Measurements at 300 K show pronounced increases, but lower temperatures may reduce
this effect by stabilizing defect levels, a hypothesis for future study. The observed ohmic trend at
high fluences aligns with radiation-hardness goals, suggesting potential for stable detector operation
in harsh environments like the HL-LHC.

4 Conclusion

This study has elucidated the profound effects of 1 MeV neutron irradiation on the electrical properties
of n-Si Schottky diodes, particularly at high fluences of 10'> and 10'® n/cm?. I-V measurements reveal
a clear transition from exponential diode behaviour to ohmic conduction as fluence increases, driven
by radiation-induced defects that pin the Fermi energy near the intrinsic position. The reverse current
rises sharply by factors of 3.5 and 82 at the respective fluences due to minority carrier generation,
while forward current shifts from a slight decrease at 10'> n/cm? to a significant increase at 10'® n/cm?,
reflecting enhanced majority carrier contributions. This shift, accompanied by a rectification ratio
drop from 45 to 2, underscores a defect-mediated change in conduction mechanism, distinct from the
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Figure 3. Current-voltage characteristics of (a) unirradiated, (b) neutron-irradiated n-Si diode to a fluence of
103, (c) 10'® n/cm? in a double logarithmic scale and (d) plot of slope against fluence.

linear damage trends observed at lower fluences (e.g., < 10'* n/cm?) in prior studies. These findings
offer a nuanced understanding of silicon diode behaviour under extreme irradiation, beyond the scope
of typical proton-focused research. The observed ohmic behaviour at high fluences aligns with the
requirements for radiation-hard detectors, suggesting potential resilience in harsh environments like
the High-Luminosity LHC. However, the temperature dependency of leakage current, measured
here at 300 K, warrants further exploration, as lower temperatures may mitigate defect activation
and slow the ohmic transition. Future studies should incorporate C-V measurements omitted here
due to equipment constraints to probe defect densities directly, alongside temperature-dependent /-V
analyses to refine defect dynamics models. These insights not only advance the understanding of
neutron irradiation effects but also provide a foundation for designing robust semiconductor devices
for next-generation high-radiation applications.
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