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 5 
Abstract 6 
 7 
A single crystal CVD diamond detector (110 μm thick) with Al contacts (11.34 mm2) was 8 
characterised as an X-ray and β- particle detector using an 55Fe radioisotope X-ray source 9 
(Mn Kα = 5.9 keV, Mn Kβ = 6.49 keV) and a 63Ni radioisotope β- particle source (66 keV 10 
endpoint energy).  The characterisation was performed across the temperature range 160 °C 11 
to -20 °C and at applied potential differences from -400 V to +400 V (3.6 V μm-1 applied 12 
electric field strength).  X-ray photocurrent and β- particle current measurements along with 13 
theoretical calculations demonstrated that the detector could detect both types of radiation 14 
with similar apparent charge collection efficiency.  15 
 16 
Keywords: diamond detector; current mode; X-ray photocurrent; β- particle current; charge 17 
collection efficiency. 18 
 19 
1. Introduction 20 
 21 
Radiation detectors find use in a wide variety of applications ranging from space science [1] 22 
and synchrotron applications [2], to medicine [3] and the nuclear industry [4].  23 
Semiconductor radiation detectors have been widely used, and are still being developed to 24 
optimise the trade-offs of the different requirements of the various applications.  Among the 25 
different requirements, high temperature and intense radiation tolerance play important roles 26 
when selecting detector materials for harsh environments.  Wide bandgap semiconductor 27 
radiation detectors which have been investigated for use in such environments include GaAs 28 
[5-8], SiC [9-11], GaN [12-13], AlGaAs [14-15], AlInP [16-18], InGaP [19-20], CdTe and 29 
CdZnTe [21-22], HgI2 [23], ThBr [24], and diamond. 30 
 31 
Diamond has many attributes which make it a good potential candidate material for extreme 32 
environment radiation detectors.  Diamond’s wide bandgap (5.45 eV [25]) results in low 33 
leakage currents and the ability to operate at high temperatures [26].  Also, compared to 34 
traditional Si radiation detectors, diamond has better radiation resistance [27] and higher 35 
carrier velocities [28-29].  Whilst natural diamond has inherent variability and relative 36 
scarcity, synthetic diamond can be grown by Chemical Vapor Deposition (CVD) [30]. 37 
 38 
CVD diamond detectors have already been shown to be spectroscopic to α particles.  An 39 
energy resolution of 0.4 % for 5.486 MeV α particles from an 241Am source was reported for 40 
a single crystal CVD diamond detector [31] [32].  CVD diamond detectors have been studied 41 
for their charge collection efficiencies, at temperatures up to 300 °C, using α particles from 42 
an 241Am radioisotope source; charge collection efficiencies of 98.2 % for holes and 96.7 % 43 
for electrons were measured in that case at 250 °C [33].   44 
 45 
CVD diamond detectors have been investigated in current mode (cf. particle or photon 46 
counting mode) under the illumination of both β- particles and X-ray photons.  However, they 47 
have not been shown to be spectroscopic to β- particles and X-ray photons.  A single crystal 48 
CVD diamond detector operated in current mode under the illumination of a 1 MBq 90Sr β- 49 
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particle source (end point energy = 2.28 MeV for a 90Sr/90Y source [34]) has been 50 
demonstrated at temperatures up to 180 °C [35].  A diamond photodiode was characterised 51 
under the illumination of soft X-rays (0.25 keV to 7 keV) at room temperature [36]; the 52 
electron-hole pair creation energy was reported to be 13.25 eV ± 0.5 eV.  The effect of 53 
different amorphous carbon electrodes on CVD diamond detectors has been studied [37]; 54 
whilst the devices showed low leakage currents (bulk resistivity of at least 2.8 × 1014 Ω cm at 55 
applied electric field strengths of ± 0.3 V μm-1), a reported drawback was the instability of 56 
the photocurrent generated from illumination of a Mo target X-ray tube, at high applied 57 
potential differences [37].  In other work, a single crystal CVD diamond detector was 58 
characterised under the illumination of 10.6 keV and 12.5 keV X-rays; a linear response as a 59 
function of photon flux was measured [38].  Single crystal CVD diamond detectors have also 60 
been investigated when illuminated using a Mo target X-ray tube; an approximately linear 61 
relationship between the measured current and the X-ray dose rate was reported [39]. 62 
 63 
Here, a single crystal CVD diamond detector with an area of 4.4 mm × 4.4 mm (= 19.36 64 
mm2), thickness of 110 μm ± 1 μm, and Al Ohmic contacts (3.8 mm diameter, corresponding 65 
to an area of 11.34 mm2, thus covering 59 % of the top and bottom faces of the detector) was 66 
investigated for the first time for its performance as radiation detector in current mode under 67 
the illumination of X-ray photons and β- particles, in turn, at temperatures up to 160 °C.  The 68 
detector was illuminated with 5.9 keV and 6.49 keV X-rays from an 55Fe radioisotope X-ray 69 
source and β- particles from a 63Ni radioisotope β- particle source.  The detector’s 70 
characteristics were investigated as a function of applied potential difference (from -400 V to 71 
+400 V, corresponding to an applied electric field strength of 3.6 V μm-1) and across the 72 
temperature range 160 °C to -20 °C.  The X-ray photocurrent measurements were 73 
accompanied by calculations of the X-ray photocurrent.  The Monte Carlo electron (β- 74 
particle) simulation package CASINO [40-41] was used to predict the current from 75 
illumination with the 63Ni radioisotope β- particle source.  The apparent charge collection 76 
efficiency, CCE, (i.e. the ratio of the measured current and the predicted generated current 77 
from the radiation absorption [42]) was calculated for both types of radiation. 78 
 79 
2. Diamond detector structure 80 
 81 
The detector was fabricated at Micron Semiconductor Ltd, UK, using single crystal CVD 82 
diamond from Element Six Ltd, UK.  During detector processing, a standard acid-clean 83 
treatment was used, followed by a proprietary cleaning step to remove any remaining surface 84 
impurities.  Circular Al contacts were sputtered onto the detector’s front and rear faces, to 85 
form the front and rear contacts.  Since the Al contacts did not cover the whole area of the 86 
CVD diamond detector, the active volume of the detector was considered to be approximated 87 
to the cylinder of diamond material between the Al contacts.  The detector was mounted and 88 
wire bonded in a custom package with SMA connections to the front and rear contacts.   89 
 90 
3. Results and discussion 91 
 92 
3.1. Dark current measurements of diamond detector 93 
 94 
The dark current of the detector was measured as a function of applied potential difference 95 
and across the temperature range 160 °C to -20 °C.  The detector was installed inside a light-96 
tight die-cast Al enclosure; the enclosure was then placed inside a TAS Micro MT climatic 97 
cabinet for temperature control.  The temperature was initially set to 160 °C and decreased to 98 
-20 °C, in 20 °C steps.  The detector was left for 30 minutes at each temperature, prior to 99 
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initiation of the current measurements, to ensure thermal equilibrium.  The environment 100 
inside the climatic cabinet was maintained dry (< 5 % relative humidity) with dry N2 flowed 101 
continually into the climatic cabinet, to mitigate any humidity related effects.  102 
 103 
The dark current as a function of applied potential difference was measured using a Keithley 104 
6487 Picoammeter/Voltage Source.  The maximum applied potential difference was limited 105 
to ± 400 V (3.6 V μm-1 applied electric field strength).  The potential difference was applied 106 
at the front Al contact, and the current was measured through the rear Al contact.  The 107 
uncertainty associated with the current measurements was 0.3 % of the measured value plus 108 
400 fA [43].  The same procedure, applied potential difference (0 V to 400 V), and 109 
temperature range as for the dark current measurements of the package detector was followed 110 
for an identical empty package, to separate the leakage current of the diamond detector from 111 
other parasitic leakage currents (arising from the package and the cables of the measurement 112 
set up).  The leakage current of the empty package as a function of temperature, at the 113 
maximum investigated applied potential difference (400 V), can be seen in Figure 1.  It 114 
reduced from 620 pA ± 50 pA at 160 °C to 0.6 pA ± 0.4 pA at 80 °C at 400 V applied 115 
potential difference, whereas it was below the noise floor of the Keithley 6487 116 
Picoammeter/Voltage Source (± 400 fA) at temperatures ≤ 60 °C at all investigated applied 117 
potential differences. 118 
 119 

 120 
Fig. 1. Leakage current of the empty package as a function of temperature at 400 V applied 121 

potential difference. 122 
 123 
The leakage current of the CVD diamond detector (with the leakage current of the empty 124 
package subtracted) as a function of applied potential difference within the investigated 125 
temperature range is presented in Figure 2 (a).  Additionally, the Arrhenius plot, the 126 
logarithm of the current, ln(I), as a function of T-1, at +400 V applied potential difference, 127 
was calculated and is presented in Figure 2 (b).  The leakage current of the package detector 128 
at applied potential differences between 0 V and -400 V was the same, within uncertainties, 129 
with the leakage current of the empty package, thus the leakage current of the diamond 130 
detector at applied potential differences between 0 V and -400 V was below the noise floor of 131 
the Keithley 6487 Picoammeter/Voltage Source (± 400 fA), within the investigated 132 
temperature range.  The detector did not exhibit a symmetrical (with respect to potential 133 
difference) leakage current as a function of applied potential difference.  This indicated that 134 
the front and rear Al/diamond junctions had different electrical behaviour. 135 
 136 
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 137
Fig. 2. (a) Leakage current of the CVD diamond detector as a function of applied potential 138
difference within the temperature range 160 °C to -20 °C; 160 °C (filled circles),  140 °C 139

(open diamonds), 120 °C (filled squares), 100 °C (stars), 80 °C (open circles), 60 °C (dashes), 140
40 °C (open squares), 20 °C (filled triangles), 0 °C (crosses), and -20 °C (filled diamonds); 141

(b) The measured ln(I) at +400 V applied potential difference, as a function of T-1 (Arrhenius 142
plot).  The error bars of the leakage current are omitted for clarity, whereas the error bars of 143

the measured ln(I) were smaller than the symbol size for some data points . 144
 145

The maximum measured leakage current of the diamond detector under positive applied 146
potential difference was 70 pA ± 50 pA (0.7 nA cm-2 ± 0.4 nA cm-2 dark current density), at 147
160 °C and +400 V applied potential difference.  This value is lower compared to previous 148
reports on other single crystal CVD diamond detectors at high temperatures.  As an example, 149
a ~ 6 nA cm-2 leakage current density was reported for a single crystal CVD diamond 150
detector when operating at 150 °C and 120 °C, under the application of 1 V μm-1 electric field 151
[35].  When no external potential difference was applied, the current measured with the 152
present system was 0.8 pA ± 0.4 pA (rms deviance) (equivalent to 7 pA cm-2 ± 4 pA cm-2 153
dark current density) across the investigated temperature range 160 °C to -20 °C.  The 154
leakage current density of the presently reported CVD diamond detector was found to remain 155
≤ 7 pA cm-2 ± 4 pA cm-2 at 20 °C, across the investigated potential difference range, -400 V 156
to +400 V.  For comparison purposes, 4H-SiC Schottky diodes of the highest quality can 157
have a leakage current density of ~ 0.2 pA cm-2 at the same temperature and applied electric 158
field strength [44]. 159
 160
The dependence of the current, I, on the temperature, T, at a given applied potential 161
difference is a function of the activation energy, EA, 162
 163 = exp − ,         (1) 164
 165
where A is a constant and k is the Boltzmann constant [45].  Thus, a plot of the logarithm of 166
the current, ln(I), as a function of T-1, would be expected to yield a straight line whose 167
gradient can be used to calculate the activation energy, EA.  The measured ln(I) at +400 V 168
applied potential difference, as a function of T-1 (Arrhenius plot) can be seen in Figure 2 (b).  169
The line of best fit was calculated using linear least squares fitting in the temperature range 170
160 °C to 20 °C; the measured ln(I) for < 20 °C was within the uncertainty of the measuring 171
system, and thus excluded from the analysis.  The activation energy was found to be 0.38 eV 172
± 0.02 eV.  This energy level for the activation energy may be associated with defects of 173
dopant-hydrogen complex type; such defects can have an energy level of 0.3 eV for nitrogen 174
dopants and 0.4 eV for boron dopants [46].  Those reported values (which had no 175
uncertainties stated) are close to this calculated here. 176
 177
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3.2. 55Fe radioisotope X-ray source illumination 178 
 179 
3.2.1. X-ray quantum detection efficiency 180 
 181 
X-ray photocurrent measurements were performed with an 55Fe radioisotope X-ray source 182 
giving Mn Kα (5.9 keV) and Mn Kβ (6.49 keV) emission lines [47].  The X-ray quantum 183 
detection efficiency, QE, of the detector was calculated for photons of energy up to 30 keV, 184 
accounting for the attenuation of X-rays at the front Al contact (300 nm thick with an area of 185 
11.34 mm2), considering absorption in the thickness of the detector (110 μm), and assuming 186 
complete charge collection.  The X-ray attenuation coefficients of Al and the X-ray 187 
absorption coefficients of diamond were extracted from Hubbell [48].  The quantum 188 
detection efficiency of the detector as a function of X-ray photon energy can be seen in 189 
Figure 3.  The X-ray quantum efficiency of the detector was calculated to be 0.35 at 5.9 keV 190 
and 0.27 at 6.49 keV. 191 
  192 

 193 
Fig. 3. Calculated X-ray quantum detection efficiency, QE, of the detector assuming 194 

complete charge collection. 195 
 196 
3.2.2. 55Fe radioisotope X-ray source photocurrent measurement 197 
 198 
The total current (leakage current and photocurrent) with the 55Fe radioisotope X-ray source 199 
placed 8.2 mm above the CVD diamond detector was measured; the same procedure as for 200 
the dark current measurements was followed (see 3.1. Dark current measurements of 201 
diamond detector).  The 55Fe radioisotope X-ray source had an activity of 159 MBq.  The 202 
disc source had a diameter of 6 mm and was encapsulated: the window of the capsule was a 203 
0.25 mm thick Be layer.  The 55Fe X-ray photocurrent, with the dark (leakage) current 204 
subtracted from the total current, can be seen in Figure 4. 205 

 206 

 207 
Fig. 4. 55Fe X-ray photocurrent measured with the detector illuminated with the 55Fe 208 

radioisotope X-ray source as a function of applied potential difference within the temperature 209 
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range 160 °C to -20 °C; 160 °C (filled circles),  140 °C (open diamonds), 120 °C (filled 210 
squares), 100 °C (stars), 80 °C (open circles), 60 °C (dashes), 40 °C (open squares), 20 °C 211 

(filled triangles), 0 °C (crosses), and -20 °C (filled diamonds). 212 
  213 

The photocurrent at each temperature was found to be a function of the applied potential 214 
difference; it was found to increase with increased applied potential difference magnitude.  215 
As an example, the photocurrent measured at 20 °C increased from 3.1 pA ± 0.6 pA at 0 V, to 216 
29.8 pA ± 0.6 pA at +400 V and to 41.3 pA ± 0.7 pA at -400 V.  The increase of the 217 
photocurrent with increased applied potential difference may be attributable to a reduction in 218 
charge trapping with increased electric fields leading to improved charge transport and 219 
increased CCE, if the CCE was not 100 % at the lower temperatures [49].  Also, improved 220 
collection of electron-hole pairs generated outside of the cylinder defined by the contacts 221 
from the absorption of X-rays, as a consequence of improved carrier transport properties, 222 
could explain the photocurrent increase with increased electric field. 223 
 224 
The photocurrent, at a given applied potential difference, was found to vary among different 225 
temperatures (see Figure 4).  This apparent variation could be partially attributed to the 226 
increased effective diffusion lengths of minority carriers with increasing temperature (due to 227 
changes in recombination and trapping rates with temperature) [50] and/or to the reduced 228 
electron-hole pair creation energy with increasing temperature [51] [52].  However, the 229 
variation of the X-ray photocurrent was more prominent at high temperatures and high (in 230 
magnitude) applied potential differences.  The rms error (root mean square of the deviations 231 
from the mean) of the photocurrent within the investigated temperature range was calculated 232 
at all applied potential differences; the data point at -400 V applied potential difference and 233 
60 °C was considered an outlier resulting from total current instabilities and was thus 234 
excluded from the rms error calculations.  The rms error increased from 10 % at no applied 235 
potential difference to 68 % at +400 V applied potential difference.  Since the measured 236 
leakage current was subtracted from the total current to result in the photocurrent, potential 237 
leakage current instabilities at high temperatures and/or high (in magnitude) applied potential 238 
differences may have resulted in increased uncertainties in the photocurrent calculation, 239 
making the observed variation of the photocurrent with temperature unreal. 240 

 241 
3.2.3. 55Fe radioisotope X-ray source photocurrent calculation 242 
 243 
The photocurrent at 20 °C under the illumination of the 55Fe radioisotope X-ray source was 244 
calculated.  The generated photocurrent, Iph, from the absorption of the 5.9 keV and 6.49 keV 245 
X-ray photons within the CVD diamond detector (110 μm thick with an active area of 11.34 246 
mm2 assuming the active area was confined to that encompassed by the contacts) depended 247 
on the quantum detection efficiency, QE, and the total X-ray power, P, incident on the front 248 
face of the detector (accounting for the attenuation of X-rays within the Be window of the 249 
capsule of the source) at each corresponding energy, Ei, assuming complete charge collection, 250 
 251 = ∑ ∗ ∗ ∗ q.        (2) 252 

 253 
In Eq. (2), q is the charge of an electron and Eehp is the average energy needed for the creation 254 
of an electron-hole pair in diamond (= 13.2 eV [52]).  Summing the photocurrent generated 255 
from the absorption of the 5.9 keV and 6.49 keV X-ray photons, a photocurrent of 196 pA 256 
was calculated, accounting for photocurrent generation within the cylinder of diamond 257 
material between the Al contacts.  A comparison between the measured at 20 °C and the 258 



7 
 

predicted X-ray photocurrent as a function of applied potential difference can be seen in 259 
Figure 5. 260 
 261 

 262 
Fig. 5. Comparison between the measured at 20 °C (filled triangles) and calculated (dashed 263 

line) 55Fe X-ray photocurrent as a function of potential difference. 264 
 265 

The measured photocurrent at all applied potential differences was lower than the calculated 266 
photocurrent.  The discrepancy between the measured and the calculated 55Fe X-ray 267 
photocurrent was attributed to incomplete charge collection.  The measured photocurrent at 0 268 
V was 2 % of the calculated 55Fe X-ray photocurrent, whereas the apparent CCE increased 269 
from this value to 15 % and 21 % at +400 V and -400 V applied potential difference (3.6 V 270 
μm-1 electric field strength), respectively. 271 
 272 
Such CCE are lower than some previously reported CVD diamond detectors, e.g. a CCE of 273 
98.2 % for holes and 96.7 % for electrons (at ~ 1 V μm-1 and 250 °C) using α particles [33].  274 
The incomplete charge collection of the currently presented diamond detector could be due to 275 
poorer electron and hole transport in this particular material.  However, a fixed space charge 276 
that locally compensated the applied electric field could also explain the apparent limited 277 
CCE, similarly to a previous report on a diamond detector with a CCE of 30 % at 3 V μm-1 278 
(using α particles) which was created during priming [53].  Evidence of such a fixed space 279 
charge region is the non-zero CCE at 0 V applied potential difference.  The photocurrent 280 
flowing between the electrodes (Ohmic contacts) of a semiconductor detector is directly 281 
proportional to the applied potential difference, in the absence of a built in potential (which is 282 
the case for the reported diamond detector) [54], thus a zero CCE was expected when no 283 
potential difference was applied to the detector.  The presence of a fixed space charge region 284 
would create an internal electric field, even at zero applied potential difference, accounting 285 
for the non-zero CCE.  Polarisation, the creation of space charge towards the contacts leading 286 
to a modified electric field distribution in the detector with a local minimum in the central 287 
region, is unlikely to be responsible for the relatively low apparent CCE, since polarisation is 288 
less prominent with soft X-rays and β- particles cf. alpha particles [55] and hysteresis in the 289 
current as a function of voltage characteristics was not observed for the reported detector 290 
[56].  However, further measurements with variable photon flux would be required to explore 291 
this hypothesis [57].  Despite the nuances discovered, the results demonstrate that the 292 
detector can be used to detect X-rays at 55Fe energies (5.9 keV and 6.49 keV) in current mode 293 
at temperatures up to 160 °C. 294 
 295 
3.3. 63Ni radioisotope β- particle source illumination 296 
 297 
3.3.1. Percentage of β- particle energy absorbed  298 
 299 
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Initially, the percentage of β- particle energy absorbed within the CVD diamond detector, as a 300 
function of β- particle energies (1 keV to 66 keV), was calculated using CASINO 301 
simulations.  A total of 4000 β- particles were simulated in CASINO at each energy (1 keV to 302 
66 keV, in 1 keV steps) to be incident on the detector’s face.  The simulated detector 303 
geometry included the front Al contact (300 nm thick) and the active volume of the detector 304 
(assuming that the active volume of the detector was limited to the cylinder defined by the 305 
contacts).  The computed trajectories of the simulated β- particles were used to calculate the 306 
energy deposited in the detector from each of them.  The ratio of the total β- particle energy 307 
deposited in the detector by the total energy incident on the detector’s face as a function of β- 308 
particle energy was calculated.  This resulted in calculation of the percentage of β- particle 309 
energy absorbed in the detector and it can be seen in Figure 6. 310 

 311 

 312 
Fig. 6. Percentage of β- particle energy absorbed in the detector (taking into account the front 313 

Al contact), as a function of β- particle energy. 314 
 315 
The percentage of β- particle energy absorbed was found to be 0 % for β- particle energies < 5 316 
keV, which was attributed to the attenuation of β- particles in the front Al contact.  As the 317 
energy was increased, the percentage of β- particle energy absorbed increased, reaching 90 % 318 
at 19 keV, 97 % at 50 keV and remaining at 97 % up to 66 keV.  This suggested that the 319 
thickness of the CVD diamond detector (110 μm) was not a limiting factor for the absorption 320 
of the β- particles of the investigated energy range.  The 300 nm thick front Al contact was 321 
the main limiting factor attenuating the percentage of β- particle energy absorbed within the 322 
detector; without its presence, 96 % and 98 % of β- particle energy would have been absorbed 323 
at 1 keV and 66 keV, respectively.  The rear Al contact did not affect the percentage of β- 324 
particle energy absorbed within the detector; all β- particles, up to 66 keV, were fully 325 
absorbed before reaching the rear Al contact. 326 

 327 
3.3.2. 63Ni radioisotope β- particle source current measurement 328 
 329 
The total current (leakage current and photocurrent) with a 63Ni radioisotope β- particle 330 
source placed 13 mm above the CVD diamond was measured; the same procedure as for the 331 
dark current measurements was followed (see 3.1. Dark current measurements of diamond 332 
detector).  The 63Ni radioisotope β- particle source had an actual activity of 185 MBq.  Its 333 
apparent activity, due to self-absorption [58], was 136 MBq.  63Ni has an endpoint energy of 334 
66 keV.  An inactive Ni overlayer (1 μm thick) covered the active side of the 63Ni 335 
radioisotope β- particle source having been electroplated on there by the manufacturer to 336 
satisfy local laboratory safety protocols; this reduced the energy of the particles emitted from 337 
the source and was accounted for during the simulations and measurements.  The 63Ni β- 338 
particle current of the CVD diamond detector, with the dark (leakage) current subtracted from 339 
the total current can be seen in Figure 7. 340 
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 341 
Similarly to the 55Fe X-ray photocurrent (Figure 5), the 63Ni β- particle current was found to 342 
be a function of the applied potential difference; it was found to increase with increased 343 
applied potential difference magnitude at a given temperature.  In addition, the measured 63Ni 344 
β- particle current was found to vary among different temperatures.  This variation was more 345 
prominent at high temperatures and high (in magnitude) applied potential differences; the rms 346 
error of the β- particle current at a given applied potential difference within the investigated 347 
temperature range increased from 11 % at -50 V applied potential difference to 67 % at -400 348 
V applied potential difference. 349 
 350 

 351 
Fig. 7.  63Ni β- particle current of the CVD diamond detector as a function of applied 352 

potential difference within the temperature range 160 °C to -20 °C; 160 °C (filled circles),  353 
140 °C (open diamonds), 120 °C (filled squares), 100 °C (stars), 80 °C (open circles), 60 °C 354 

(dashes), 40 °C (open squares), 20 °C (filled triangles), 0 °C (crosses), and -20 °C (filled 355 
diamonds). 356 

 357 
The 63Ni β- particle current was measured to increase from 5.4 pA ± 0.6 pA (rms deviance) at 358 
0 V, to 148 pA ± 1 pA at +400 V and 209 pA ± 1 pA at -400 V, at 20 °C.  The increase of the 359 
β- particle current with increased applied potential difference may be attributed to the 360 
improved charge transport with increased electric field, resulting in less charge being trapped.  361 
Similarly to the 55Fe X-ray photocurrent, potential leakage current instabilities at high 362 
temperatures and/or at high (in magnitude) applied potential differences, could have resulted 363 
in increased uncertainties in the β- particle current calculation at such applied potential 364 
differences, making the observed variation of the β- particle current with temperature (Figure 365 
7) unreal. 366 
 367 
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3.3.3. 63Ni radioisotope β- particle current calculation 368 
 369 
The 63Ni β- particle spectrum to be incident on the detector was calculated by simulating the 370 
spectrum emitted by the 63Ni radioisotope β- particle source (adjusted for self-absorption) and 371 
identifying the β- particle energy losses between the surface of the 63Ni radioisotope β- 372 
particle source and the front face of the CVD diamond detector (i.e. within the inactive Ni 373 
overlayer and air).  Different numbers of β- particles were simulated (in CASINO) for each 374 
energy to account for their different emission probability, Pi, from the 63Ni radioisotope β- 375 
particle source including consideration of self-absorption of the source [59].  The trajectories 376 
of all β- particles within the inactive Ni overlayer (thickness of 1 μm and density of 8.908 g 377 
cm-3) and the air layer (thickness of 13 mm and density of 0.0012 g cm-3) were computed and 378 
were used to calculate the total remaining energy of each β- particle when it reached the 379 
detector, thus taking into account lost energy in the Ni overlayer and air layer.  The 380 
summation of the distribution of β- particle energy remaining for each β- particle simulated 381 
resulted in the spectrum predicted to be incident on the CVD diamond detector and it is 382 
presented in Figure 8. 383 
 384 

 385 
Fig. 8. Simulated 63Ni β- particle spectra as emitted from the source (solid line) and as 386 

incident on the front face of the detector (dotted line). 387 
 388 
Consideration was then given to calculating the spectrum of β- particles to be usefully 389 
absorbed by the detector in order to calculate the current generated due to illumination with 390 
the 63Ni radioisotope β- particle source. 391 
 392 
The energy deposited in the CVD diamond detector from the computed trajectories of each β- 393 
particle simulated to be incident on the detector was used in conjunction with the calculations 394 
of the percentage of β- particle energy absorbed in the detector (Figure 6) to determine the 395 
usefully absorbed energy for each β- particle emitted from the 63Ni.  Given that the electron-396 
hole pair creation energy, Eehp, in single crystal CVD diamond has been reported to be 13.2 397 
eV [52], the current at 20 °C under the illumination of the 63Ni radioisotope β- particle source 398 
was calculated.  The β- particle current generated, 399 
 400 = ∑ ∗ ∗ ∗ ∗ ∗ q,      (3) 401 

 402 
depended on the fraction, Fi, of the useful β- particles (defined below and calculated using 403 
CASINO simulations) and the number of β- particles potentially arriving at the front face of 404 
the diamond detector, assuming complete charge collection.  The number of useful β- 405 
particles was calculated using half of the apparent activity, A/2, of the radioactive source (i.e. 406 
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that emitted towards the detector), the ratio of the detector’s area over the source’s area, 407 
Adet/As, and the emission probability, Pi, of each β- particle [59]. 408 
 409 
The fraction, Fi, of the useful β- particles is the ratio of the number of β- particles absorbed in 410 
the detector to the number of emitted β- particles from the 63Ni, as a function of β- particle 411 
energy 1 keV to 66 keV.  This fraction, Fi, accounted for loses in the protective Ni overlayer 412 
of the radioactive source, the air between the source and the front of the detector (13 mm), 413 
and the percentage of β- particle energy absorbed in the detector (i.e. losses in the Al contact 414 
layer as well as absorption within the diamond itself). 415 
 416 
Using Eq. (3), the β- particle current was calculated to be 911 pA at 20 °C; a comparison 417 
between the calculated generated current and the measured 63Ni β- particle current at 20 °C, 418 
as a function of applied potential difference can be seen in Figure 9. 419 
 420 

 421 
Fig. 9. Comparison between the measured at 20 °C (filled triangles) and calculated (dashed 422 

line) 63Ni β- particle generated current as a function of applied potential difference. 423 
 424 
The measured β- particle current at all applied potential differences was lower than the 425 
calculated current, .  The discrepancy between the measured and the calculated 63Ni β- 426 
particle current was attributed to incomplete charge collection, i.e. CCE < 100 %.  The 427 
apparent charge collection efficiency at 20 °C was found to increase from 0.6 % at 0 V to 16 428 
% and 23 %, at +400 V and -400 V applied potential difference, respectively.  Similarly to 429 
the X-ray photocurrent measurements, the non-zero CCE at 0 V applied potential and the 430 
relatively low apparent CCE even at the highest investigated applied electric field strengths 431 
measured with β- particles, were partially attributed to the presence of a fixed space charge 432 
region reducing the electric field strength, the origin of which is currently unknown.  This 433 
hypothesis is even stronger for β- particles than for X-rays; the most probable β- particles 434 
arriving at the detector had an energy ranging from 10 keV to 15 keV (Figure 8) which have 435 
a penetration depth (intensity of radiation dropped to 1/e of its original value), according to 436 
CASINO simulations, of < 1.1 μm.  Hence, a high charge density generated close to the front 437 
Al contact could result in a strong space charge region [60].  Nevertheless, the results 438 
demonstrate that the CVD diamond detector can be used for β- particle detection at 63Ni 439 
energies in current mode at temperatures up to 160 °C 440 
 441 
4. Conclusions 442 
 443 
A prototype single crystal CVD diamond detector has been characterised for its X-ray and β- 444 
particle detection performance as a function of applied potential difference (from -400 V to 445 
+400 V, corresponding to an applied electric field strength of ± 3.6 V μm-1) within the 446 
temperature range 160 °C to -20 °C. 447 
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 448 
The detector had low but asymmetric (with respect to the polarity of applied potential 449 
difference) leakage current; it remained ≤ 400 fA (4 pA cm-2 current density) and ≤ 70 pA ± 450 
50 pA (0.7 nA cm-2 ± 0.4 nA cm-2 current density) under negative and positive applied 451 
potential difference, respectively, at temperatures up to 160 °C. 452 
 453 
The X-ray detection performance of the CVD diamond detector was characterised with an 454 
55Fe radioisotope X-ray source across the same temperature range.  The measured X-ray 455 
photocurrent increased with increasing (in magnitude) applied potential difference at a given 456 
temperature.  Reduced charge trapping with increased electric field, due to improved charge 457 
transport, and/or improved collection of charge generated outside the cylinder defined by the 458 
contacts could potentially explain this increase.  The X-ray photocurrent was predicted to be 459 
196 pA if the detector had complete charge collection, assuming that the active volume of the 460 
detector was limited to the cylinder defined by the contacts; the apparent CCE at 20 °C was 461 
15 % and 21 % at +400 V and -400 V applied potential difference, respectively. 462 
 463 
The β- particle detection performance of the CVD diamond detector was characterised with a 464 
63Ni radioisotope β- particle source across the same temperature range as was used for the 465 
other measurements.  CASINO Monte Carlo simulations predicted that the percentage of β- 466 
particle energy absorbed within the detector was > 90 % for β- particle energies > 19 keV, 467 
reaching a value of 97 % at 50 keV.  The measured β- particle current was found to increase 468 
with increasing (in magnitude) applied potential difference at all investigated temperatures.  469 
The β- particle current at 20 °C was predicted from the simulations to be 911 pA in a detector 470 
with complete charge collection, assuming that the active volume of the detector was limited 471 
to the cylinder defined by the contacts.  The apparent CCE were determined to be 16 % and 472 
23 % at +400 V and -400 V applied potential difference, respectively. 473 
 474 
The results demonstrate that CVD diamond devices can be used for soft X-ray (5.9 keV and 475 
6.49 keV) and soft β- particle (< 66 keV) detection (with similar CCE for both radiation 476 
types) in high temperature environments (up to 160 °C).  The limited apparent CCE was 477 
attributed, at least in part, to the presence of a space charge region. 478 
 479 
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