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Diamond is emerging as a promising material for space applications due to its unique properties and potential high
performance in extreme environments. In this work, we systematically study the impact of 1 MeV equivalent neutron
irradiation on diamond Schottky barrier diodes (SBDs). According to current–voltage (I–V ) measurements, the Schottky
barrier height (ΦB) of the diamond SBD was increased from 1.23 eV to 1.32 eV, the ideality factor (n) was reduced from
1.88 to 1.66, and the reverse breakdown voltage increased by 100 V after neutron irradiation. Furthermore, the carrier
concentration across the diamond drift layer was observed to decrease from 5.91×1015 cm−3 to 5.15×1015 cm−3 based
on the capacitance–voltage (C–V ) measurement. Moreover, the low-frequency noise analysis also indicated a decrease.
Considering the changes in device performance, the metal/semiconductor interface traps were slightly reduced, and the
Schottky barrier was significantly improved.

Keywords: diamond, Schottky barrier diode, neutron
PACS: 81.05.ug, 78.40.Fy, 61.80.Hg

DOI: 10.1088/1674-1056/ae0b37 CSTR: 32038.14.CPB.ae0b37

1. Introduction

Compared with other wide-gap semiconductors, diamond
is a desirable material for high-power devices due to its supe-
rior physical properties,[1–7] including an ultra-wide bandgap
of 5.5 eV, a higher breakdown electric field of 10 MV/cm, and
a greater thermal conductivity of 22 W·cm−1·K−1. Mean-
while, the advancement of low-defect-density technologies
and diamond doping technologies has spurred the develop-
ment of diamond-based devices.[8–12] Traoré et al.[13] pre-
pared a Zr/Pt/Au diamond Schottky diode that achieved a
breakdown field larger than 7.7 MV/cm and a power figure
of merit above 244 MW/cm2, with good thermal stability. Ad-
ditionally, the device maintained rectification characteristics
at 773 K. Shao et al.[14] also prepared a Zr/diamond pseudo-
vertical Schottky barrier diode that still displayed rectifying
behavior over a wide temperature range of 298–448 K. No-
tably, the high performance and thermally stable rectifying
characteristics make diamond Schottky barrier diodes (SBDs)
strong candidates for high-temperature and rectification appli-
cations.

In theory, diamond-based semiconductor devices have
stronger radiation resistance and are expected to find appli-
cations in the aerospace sector. Thus, studying the effects of

space radiation on diamond-based devices is vital to accelerate
their application in the aerospace industry, since radiation par-
ticles in space environments can seriously impair their reliabil-
ity. Since research on the radiation effects of diamond-based
devices remains limited, the theoretical potential of their radi-
ation resistance has yet to be demonstrated.

Umezawa et al.[15] investigated the effects of x-ray irra-
diation on diamond metal–semiconductor field-effect transis-
tors (MESFETs) and diamond Schottky barrier diodes. After
10 MGy x-ray irradiation, the forward current characteristics
of diamond SBDs did not significantly deteriorate, while the
leakage current density of diamond SBDs increased by at least
two orders of magnitude. Therefore, Umezawa concluded that
conduction through point defects in Al2O3 created by x-ray
irradiation and adsorbates on the Al2O3 passivation surface
from the atmosphere during x-ray irradiation could contribute
to the increase in reverse current. Uncharged neutrons are the
most invasive radiation particles and the primary source of dis-
placement damage in semiconductor power devices.[9] There-
fore, previous reports on diamond SBDs have mainly focused
on device fabrication, whereas studies on radiation-induced
damage in diamond SBDs remain limited.

In this work, we investigated the effects of neutron radi-
ation on the electrical performance of diamond SBDs through
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experiments. By measuring I–V , C–V , and low-frequency
noise (LFN), we systematically analyzed the mechanisms un-
derlying its influence.

2. Experimental details
The diamond SBD devices used in this study are schemat-

ically shown in Fig. 1. The doping concentration of the
300 µm commercially available single-crystalline IIb-type
(100) high-temperature high-pressure p+ diamond substrate is
5× 1019 cm−3. A 3 µm unintentionally doped p− drift layer
was grown on the p+ diamond substrate by the microwave
plasma chemical vapor deposition (MPCVD) method. Ad-
ditionally, the doping concentration of the p− drift layer is
around 1× 1016 cm−3. The bottom contact was achieved by
depositing Ti/Pt/Au metal on the back surface of the substrate
using electron-beam evaporation, followed by rapid thermal
annealing. Furthermore, Zr/Au metal was fabricated as a
Schottky contact on the p− drift layer using photolithography
and the lift-off technique. Notably, the radius of the Schottky
electrode is 50 µm, and the thicknesses of Zr/Au are approxi-
mately 50 nm/100 nm.

Zr/Au
Schottky
contactcon

Ti/Pt/Au
contact

(a) (b)

Fig. 1. (a) Cross-sectional structure and (b) top-view micrograph of fab-
ricated diamond SBDs.

The neutron irradiation experiment was conducted in the
Xi’an Pulse Reactor (XPR). The radiation field is a mixed field
of neutrons and gamma rays. During the experiment, the di-
amond SBD devices were irradiated with a 1 MeV equivalent
neutron fluence of 2×1011 n/cm2 and 1×1012 n/cm2. Simul-
taneously, the devices remained at room temperature without
applying a bias voltage. The electrical characteristics were
measured using a Keysight B1500A parametric analyzer, a
Keysight B1505A parametric analyzer, and a low-frequency
noise analyzer.

To understand the changes in the electrical characteris-
tics of the diamond SBD devices before and after neutron ir-
radiation, the forward I–V curves (linear coordinates) and the
reverse I–V curves (semi-logarithmic coordinates) were mea-
sured as shown in Figs. 2(a) and 2(b). Notably, the perfor-
mance of all devices was consistent. The current density of the
device at V = 20 V decreased from 437 A/cm2 to 405 A/cm2

(a 7% reduction) after neutron irradiation with a fluence of

2×1011 n/cm2. The current density of the device at V = 20 V
decreased from 437 A/cm2 to 370 A/cm2 (a 15% reduction)
after neutron irradiation with a fluence of 1 × 1012 n/cm2

(Fig. 2(a)). Moreover, the turn-on voltage increased from
1.88 V to 1.95 V and 2.01 V before and after irradiation,
respectively, and the Ron,sp increased from 1.18 mΩ·cm2 to
1.38 mΩ·cm2 and 1.55 mΩ·cm2 after irradiation. These results
indicate that the device performance was affected by neutron
irradiation. From the forward and reverse I–V curves, the for-
ward current characteristics did not significantly deteriorate,
while the reverse current density of the device decreased by
one order of magnitude after neutron irradiation.
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Fig. 2. (a) Forward and (b) reverse I–V characteristic curves of diamond
SBDs before and after irradiation, and (c) reverse I–V characteristics of
the devices. The (a) is a linear-coordinate I–V plot, while (b) and (c) are
semi-logarithmic-coordinate I–V plots.

The thermionic emission (TE) model is the most widely
used model to describe the current characteristics of diamond
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SBDs. The forward current density (JF) across a Schottky bar-
rier under a forward bias voltage is expressed as[16–18]

JF = JS exp
(

q(V −RSJF)

nkT

)
, (1)

JS = A∗T 2 exp
(
−qΦB

kT

)
, (2)

where JS is the saturation current density, V is the bias volt-
age, q is the electron charge, RS is the series resistance, n is
the ideality factor, k is the Boltzmann constant, T is the ther-
modynamic temperature (300 K at room temperature), A∗ is
the Richardson constant (96 A·cm−2·K−2 with the effective
mass of holes m∗ = 0.8m0),[19] and ΦB is the Schottky barrier
height at zero bias. The Schottky barrier height can be deter-
mined by extrapolating JS using Eq. (2). Taking the logarithm
of both sides of Eq. (1), lnJF is linearly related to V . Further-
more, the slope of the linear portion of the lnJF–V plot may be
used to determine the ideality factor using the relation[18]

n =
q

kT
∂V

∂ (ln I)
. (3)

In addition, the slope extracted from the J–V curve
yielded the ideality factor n = q/(kT ), where s is the slope
of the linear fitting from the J–V data. The Schottky bar-
rier height (SBH) ΦB was estimated using the obtained in-
tercept. The values of ΦB and n of diamond SBDs changed
from 1.23 eV and 1.88 before irradiation to 1.25 eV and 1.81,
and 1.32 eV and 1.66 after irradiation. It is seen that ΦB was
significantly improved, and n was slightly improved. The in-
crease in ΦB after irradiation correlates with reduced inter-
face states, and the decrease in n indicates improved carrier
transport due to defect passivation, consistent with radiation-
hardened diamond SBDs reported in the literature.[20]
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Fig. 3. The C–V and C−2–V characteristics of diamond SBDs before and
after irradiation at 100 kHz.

To explore the trap states generated by neutron irradiation
in diamond materials, the C–V characteristics were measured
using a Keysight B1500A parametric analyzer. A frequency
of 100 kHz was selected to isolate the depletion capacitance

from interface trap effects, enabling defect density extraction.
From the C–V and C−2–V curves in Fig. 3, it is noted that the
capacitance decreased slightly.

The C–V relationship of SBDs is expressed as[19]

1
C2 =

2
qεSε0NAA2

(
Vbi −V − kT

q

)
, (4)

where εS is the permittivity of the semiconductor (5.7 for dia-
mond), ε0 is the permittivity of vacuum (8.85×10−12 F·m−1),
NA is the carrier concentration in the drift layer, A is the area
of the Schottky electrode, and Vbi is the built-in voltage.

From the slope of the fitted line of the C−2–V plots at
100 kHz, the value of NA changed from 5.91×1015 cm−3 be-
fore irradiation to 5.63×1015 cm−3 and 5.15×1015 cm−3 af-
ter irradiation.
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Fig. 4. Low-frequency noise spectra of voltage fluctuations in diamond
SBDs before (a) and after (b) irradiation.

In the SBD, carrier transport across the
metal/semiconductor interface is significantly affected by
the trapping–detrapping of carriers by interface traps or bar-
rier inhomogeneities at the metal/semiconductor interface.[21]

Therefore, a low-frequency noise analyzer was used to mea-
sure the noise power spectral density of the current fluctuations
of SBD devices before and after neutron irradiation at 300 K in
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the voltage range of 0.7–1.5 V to study the influence of neu-
tron irradiation on the SBD metal/semiconductor interface.
The normalized results are shown in Fig. 4. Furthermore, it is
noted that at frequencies of 1–10 kHz, the low-frequency noise
spectra of voltage fluctuations of diamond diodes following ir-
radiation are found to be one to three orders of magnitude
lower than those of diamond diodes before irradiation over the
whole voltage range.

The noise power spectral density of voltage fluctuations
(SV) is expressed as[22]

SV =
Aτ

1+(2π f τ)2 +
B
f γ
, (5)

where Aτ and B are the amplitudes of Lorentzian and 1/ f
noise, respectively, τ is the trapping–detrapping time during
which a carrier interacts with a trap, and this process causes
the GR noise. f represents the measured frequency, and γ is
the frequency exponent.

The noise power spectral density of current fluctuations
(SI) is obtained from SV using[22,23]

SI =
SV(

dV
dI

−RS

)2 =
SV[

nkT
q(I + IS)

]2 , (6)

where the symbols have their usual meanings.
According to the number fluctuation model, the

Lorentzian and 1/ f noises are included in Eq. (5). When a
single trap dominates the transport, the low-frequency noise
behavior is Lorentzian noise; when numerous traps partici-
pate in the conduction process, Lorentzian noises are super-
imposed, resulting in 1/ f noise behavior. In logarithmic co-
ordinates, the noise power spectral density of the current, SI,
exhibits a 1/ f γ dependence with γ close to 1 for SBDs before
and after irradiation in Fig. 4. Metal/semiconductor interface
traps dominate carrier transport at lower bias, whereas barrier
inhomogeneities govern carrier transport at higher bias.[22,24]

The barrier height and interface states can affect the random
capture and emission of carriers and thus influence the noise
level. It is commonly known that electronic transport across
metal/semiconductor interfaces is significantly influenced by
interface states inside the forbidden gap, and reduced interface
states result in a decreased level of 1/ f noise.[25] Furthermore,
the 1/ f noise level strongly correlates with the strength of bar-
rier inhomogeneities, and stronger barrier inhomogeneities re-
sult in higher 1/ f noise levels.

The barrier inhomogeneity model, which considers both
the density of interface states and the level of barrier in-
homogeneities, provides a reasonable interpretation of the
diamond SBD. A higher 1/ f noise level indicates higher
metal/semiconductor interface states and increased barrier in-
homogeneities. Comparing Figs. 4(a) and 4(b), it is found that

the 1/ f noise was insignificantly changed at low bias and re-
duced at high bias after neutron irradiation. This indicates that
the metal/semiconductor interface states were not significantly
reduced, whereas the barrier inhomogeneities were improved.
Moreover, the improved barrier inhomogeneities directly lead
to a decrease in the forward and reverse current densities of
the device, which corresponds to the data in Fig. 2.

Reverse breakdown voltage is a vital diode characteris-
tic that directly impacts the application of devices in contem-
porary industrial and consumer power electronics. Thus, to
explore the influence of neutron radiation on the device break-
down voltage (VBR), the reverse current–voltage characteris-
tics of the diamond SBDs were measured using a Keysight
B1505A parametric analyzer before and after neutron irradi-
ation. The voltage corresponding to the moment of current
surge is defined as the breakdown voltage. The typical results
of the reverse I–V characteristics of the diamond SBDs before
and after irradiation are shown in Fig. 2(c). It can be seen that
the maximum breakdown voltage of the fresh SBDs reaches
246 V. In comparison, the maximum breakdown voltage is
357 V for the neutron-irradiated devices. It is also observed
that neutron irradiation increases the device breakdown volt-
age by more than 100 V. Notably, this confirms that the Schot-
tky barrier of the device has been significantly improved.
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Fig. 5. (a) Forward and (b) reverse I–V characteristic curves of diamond
SBDs before and after irradiation.

A two-dimensional (2D) numerical device simulation was
performed using TCAD software. Based on the C–V data,
only the carrier concentration within the epitaxial layer was
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changed during the simulation. The forward and reverse I–
V characteristic curves of diamond SBDs obtained from the
simulation are shown in Fig. 5. The simulation results are al-
most consistent with the experimental data by changing the
carrier concentration. Notably, this indicates that the improve-
ment in the electrical performance of diamond devices is also
attributed to the generation of bulk traps after neutron irradia-
tion.

3. Conclusion and perspectives
In conclusion, the effect of neutron irradiation on the elec-

trical performance of diamond devices has been studied ex-
perimentally in this work. It was discovered that the electri-
cal properties of the devices were slightly degraded after neu-
tron irradiation, while the breakdown performance was sig-
nificantly improved. This can be explained by the improved
barrier inhomogeneities and decreased interface state traps fol-
lowing neutron irradiation. Additionally, C–V measurements
and corresponding calculations show that the carrier concen-
tration within the drift layer slightly decreased after neutron
irradiation. Meanwhile, the 1/ f noise results demonstrate that
the Schottky barrier was significantly improved after neutron
irradiation. Thus, the reverse characteristics of diamond SBDs
following neutron irradiation were improved, suggesting that
neutron irradiation may be applied as a manufacturing step to
enhance device performance. The results also show that dia-
mond SBDs exhibit robust neutron resistance. The results of
this work can offer valuable insights for improving the relia-
bility of diamond SBDs.

References
[1] Volpe P N, Muret P, Pernot J, Omnès F, Teraj T, Koide Y, Jomard F,

Planson D, Brosselard P, Dheilly N, Vergne B and Schamholz S 2010
Appl. Phys. Lett. 97 223501

[2] Umezawa H, Nagase M, Kato Y and Shikata S I 2012 Diamond Relat.
Mater. 24 201

[3] Umezawa H, Nagase M, Kato Y and Shikata S I 2013 Diamond Relat.
Mater. 40 56

[4] Umezawa H, Shikata S I and Funaki T 2014 Jpn. J. Appl. Phys. 53
05FP06

[5] Seok O and Ha M W 2021 Jpn. J. Appl. Phys. 60 SCCE08
[6] Lo Q, Wang J, Chen G Q, He S, Zhang Q W, Zhang S M, Wang R Z,

Fan S W and Wang R Z 2023 Diamond Relat. Mater. 134 109799
[7] Mu L X, Zhao S M, Wang P, Yuan X L, Liu J L, Zhu Z F, Chen L X,

Wei J J, Ouyang X P and Li C M 2024 Chin. Phys. B 33 026801
[8] Ohmagari S, Teraji T and Koide Y 2011 Jpn. J. Appl. Phys. 110 056105
[9] Umezawa H, Kato Y, Watanabe H, Omer A, Yamaguchi H and Shikata

S I 2011 Diamond Relat. Mater. 20 523
[10] Kato Y, Umezawa H, Shikata S I and Touge M 2013 Appl. Phys. Ex-

press 6 025506
[11] Liu D Y, Tang K, Zhu S M, Zhang R, Zheng Y D and Gu S L 2023

Chin. Phys. B 32 118102
[12] Zhu Y, Lin W, Li D S, Li A L, Lv X Y, Wang Q L and Zou G T 2023

Chin. Phys. B 32 088101
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